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OVERVIEW 


A 


PROJECT  I  -  QUANTITATIVE  ULTRASONIC  CHARACTERIZATION 


This  project  is  a  continuation  of  the  previous  effort  that  led  to 
the  establishment  of  a  quantitative  capability  for  measuring  the  size,  shape 
and  orientation  of  ellipsoidal  flaws.  The  basic  methodology  used  is 
illustrated  in  Fig.  1.  The  early  effort  focussed  on  developing  approximate 
theories,  checked  against  controlled  experiments,  to  describe  the 
ultrasound-flaw  interaction.  This  effort  answered  the  question,  "How  does 
ultrasound  scatter  from  a  known  flaw?".  The  inverse  question,  "How  does  one 
identify  an  unknown  flaw  from  measured  scattering  data?",  is  the  problem  of 
ultimate  interest  in  NOE.  This  was  addressed  during  the  last  year  of  the 
previous  program.  Predictive  relationships  were  developed  based  on  the  theory 
and  then  tested  using  experimental  data  as  input  parameters.  Comparison  of 
the  results  to  the  known  flaw  parameters  showed  that  quite  satisfactory 
agreement  had  been  obtained.  For  example,  in  eight  determinations  of  the 
dimensions  of  ellipsoidal  flaws  oriented  at  various  angles  to  the  measurement 
aperture,  using  a  predictor  developed  by  adaptive  learning  techniques,  the 
average  absolute  error  was  only  15%  for  the  height  and  3/%  for  the  diameter. 
Furthermore,  much  of  this  error  could  be  attributed  to  known  systematic  errors 
in  the  approximate  theory  used.  Other  procedures  yielded  equally  promising 
results.  These  were  the  first  demonstrations  of  a  quantitative  NDE  capability 
based  solely  on  first  principles. 

The  present  program  is  dedicated  to  the  refinement  and  improvement 
of  these  results.  It  is  anticipated  that  a  separate  Test  Bed  program  will  be 
initiated  in  the  near  future  whereby  a  hardware  embodiment  of  the  results  in  a 
single  operational  system  can  be  implemented.  Consequently,  the  tasks  have 
been  time  sequenced  and  coordinated  so  that  their  outputs  can  be  directly 
transferred  to  such  a  program.  The  tasks  are  divided  into  three  units, 

Theory,  Experiment,  and  Inversion,  corresponding  to  the  blocks  in  the 
methodology  illustrated  in  Figure  1. 

Further  theoretical  development  plays  an  important  role  in  the 
program.  As  noted  above,  much  of  the  error  in  the  previous  estimates  of  flaw 
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size  could  be  attributed  to  systematic  errors.  For  example,  in  the  previously 
cited  37%  average  error  in  diameter  determination,  all  of  the  predicted  values 
were  higher  than  the  actual  values.  Correction  of  this  systematic  effect 
through  the  development  of  more  accurate  theories  would  greatly  improve  the 
result.  Furthermore,  many  important  parameters,  such  as  phase  and  frequency 
dependencies,  were  totally  neglected  in  the  inversion  procedure  because  of 
known  deficiencies  in  the  theory.  However,  these  parameters  contain  much 
information  concerning  the  flaw  geometry,  and  incorporation  of  them  in  future 
predictions  when  better  theories  are  available  should  greatly  improve  their 
performance. 

Four  tasks  are  included  in  Unit  A  which  is  dedicated  to  the 
improvement  of  theoretical  models.  Achenbach  reports  on  the  application  of  an 
elastic  wave  version  of  geometrical  diffraction  theory  to  the  case  of  cracks. 
This  model  is  particularly  applicable  to  the  short  wavelength  limit,  and 
includes  such  effects  as  surface  wave  rays  propagating  on  the  crack  surface 
which  have  not  been  previously  treated.  The  results  presented  include 
formulae  and  numerical  data  for  off-axis  illumination  of  a  penny-shaped  crack 
and  general  comments  on  specific  features  that  should  be  useful  in  the 
inversion  of  data.  These  results  provide  the  foundation  for  understanding  the 
interaction  of  ultrasound  with  two-dimensional,  crack-like  defects  at  high 
frequencies.  On  the  other  end  of  the  spectrum,  at  long  wavelengths,  Teitel 
and  Krumhansl  present  a  report  on  the  scattering  from  elliptical  cracks. 
Previous  results  for  longitudinal  wave  scattering  have  been  generalized  to  all 
polarizations  and  angles  of  incidence.  Probably  the  most  difficult 
theoretical  regime  is  the  one  in  which  the  wavelength  is  comparable  to  the 
defect  size.  Here,  the  approximations  that  simplify  the  long  and  short 
wavelength  limits  are  not  valid,  and  more  difficult  schemes  must  be 
considered.  During  previous  years,  the  Born  approximation  was  developed  which 
is,  rigorously  speaking,  correct  only  for  weakly  scattering  flaws.  Domany 
describes  a  similar  approximation,  the  distorted  wave  Born  approximation  which 
uses  as  a  first  iteration  the  solution  to  the  scattering  of  an  incident  wave 
from  a  nearly  equivalent  spherical  object  (for  which  the  exact  solutions  can 
be  obtained)  rather  than  the  undisturbed  incident  wave  as  in  the  Born 
approximation.  This  holds  promise  for  being  particularly  accurate  for 
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strongly  scattering  flaws  whose  shape  approaches  a  sphere.  Also  included  in 
his  report  are  some  general  conclusions  regarding  the  differences  in  the 
character  of  the  fields  scattered  from  two-dimensional,  crack-like  flaws  and 
three-dimensional,  inclusions.  Negotiations  for  the  fourth  task,  to  be 
carried  out  by  Gubernatis,  has  just  been  completed.  However,  in  the  brief 
working  time  available,  his  previously  developed  codes  for  the  extended 
quasi-static  approximations  have  been  generalized  in  terms  of  off-axis 
incidence  and  modified  in  format  for  use  by  Mucciardi  in  developing  improved 
predictions  using  his  adaptive  learning  techniques. 

Unit  B  is  primarily  concerned  with  the  experimental  verification  and 
guidance  of  the  theoretical  developments  and  the  gathering  of  test  data  for 
the  inversion  techniques.  Paton  describes  new  samples  that  will  be  made 
during  the  year,  including  spheroidal  inclusions,  penny-shaped  cracks  inclined 
at  angles  to  the  part  surface  and  one-dimensional  flaws.  Adler's  work 
includes  substantial  improvements  of  his  experimental  apparatus,  the 
transmittal  of  L—L  and  L— T,  data  to  Mucciardi  for  testing  his  scattering 
predictor,  and  a  comparison  of  new  data  for  both  amplitude  and  phase  of 
signals  scattered  from  crack-like  flaws  to  geometrical  diffraction  theory.  As 
a  means  for  improving  data.  White  discusses  a  new,  monolithic  transducer  which 
holds  promise  for  many  possible  applications,  including  acoustic  emission 
detection,  array  construction,  and  signal  processing  device  fabrication. 

The  primary  emphasis  of  the  present  program  is  in  the  development  of 
inversion  techniques,  since  this  is  the  end  product  needed  to  determine  flaw 
parameters  from  ultrasonic  data.  Progress  on  six  approaches  is  included  in 
Unit  C  (the  work  of  Rose  is  part  of  the  Cornell  report  in  Unit  A).  Even  at 
very  long  wavelengths,  it  has  recently  been  shown  that  considerable 
information  can  be  obtained  from  scattered  fields  regarding  flaw  size,  shape, 
and  orientation.  In  particular,  under  certain  conditions  the  stress  intensity 
factor  can  be  directly  obtained  from  the  data.  In  a  comprehensive  report, 
Elsley  and  Richardson  report  the  philosophy  of  this  approach  and  present 
discussions  of  the  theory,  experiment,  and  inversion  of  data.  Using 
experimental  data  as  input  to  the  computational  procedures  developed,  tney 
find  that  the  dimensions  and  orientations  of  ellipsoidal  flaws  can  be 
determined  with  a  high  degree  of  accuracy.  Included  is  a  discussion  of  a 
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number  of  experimental  problems  that  arise  in  long  wavelength  measurements  and 
solutions  that  have  been  developed  to  overcome  them.  In  a  brief  report 
reflecting  a  planned  low  level  of  effort,  Mucciardi  also  discussed  the 
development  of  techniques  to  treat  low  frequency  information  in  scattered 
signals.  Techniques  to  invert  scattering  data  based  on  specific  solutions  to 
scattering  problems  are  presented  separately  by  Rose  and  Bleistein.  Rose  and 
Krumhansl  present  an  inversion  procedure  based  on  the  Born  approximations. 
Despite  the  fact  that  this  model  is  only  rigorous  for  weakly  scattering 
objects,  the  derived  inversion  procedure  has  given  excellent  results  for  the 
reconstruction  of  a  spherical  void,  even  in  the  presence  of  substantial 
noise.  A  detailed  discussion  of  this  result  is  given  as  well  as  an  outline  of 
future  plans  for  more  general  tests  of  the  procedure.  Bleistein  and  Cohen 
consider  a  different  algorithm  based  on  an  assumed  strongly  scattering 
object.  In  this  work,  as  in  that  of  Rose,  reconstruction  of  the  object  is 
accomplished  by  appropriate  spatial  Fourier  transformation  of  measured  data. 

A  discussion  is  given  of  various  possible  approaches  to  this,  including  some 
of  the  relative  merits  of  dense  versus  sparsely  spaced  transducer  positions  as 
it  effects  the  data  processing  requirements.  New  imaging  approaches  are 
presented  by  Kino  and  Lakin.  Kino  describes  a  new  system  presently  under 
construction  which  makes  extensive  use  of  digital  signal  processing  for  the 
formation  of  the  image.  Its  essential  feature  is  that  the  pulse  echo  waveform 
from  each  transducer  is  individually  recorded  in  memory  and  then  recombined 
with  appropriate  delays  for  each  point  in  the  image.  It  is  thus  essentially  a 
synthetic  aperture  system.  Discussion  is  given  of  many  novel  features  of  the 
system  including  the  use  of  compression  techniques  for  side  lobe  reduction  and 
the  ensuing  possibility  of  thinned  array  operation,  the  use  of  look-up-tables 
to  increase  system  speed,  and  the  use  of  an  inverse  filter  to  improve 
resolution.  Lakin's  system  is  based  on  pulsed  cw  operation,  and  is  in  many 
ways  equivalent  to  a  holographic  system.  By  recording  the  amplitude  and  phase 
at  each  point  in  a  64  by  64  element  grid,  and  performing  appropriate 
convolution  integrals,  the  fields  at  a  flaw  can  be  reconstructed.  One  of  the 
key  features  of  the  system  is  the  use  of  a  recently  developed  hardware 
multiplier  (with  accumulator)  to  rapidly  evaluate  the  convolutions. 
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Projections  include  the  formation  of  an  image  in  the  near  real  time  of 
200  msec  in  a  water  tank  or  14  sec  if  full  compensation  is  made  for  the 
influence  of  the  solid-liquid  interface. 

It  is  believed  that  all  of  these  results,  theoretica  dvances, 
experimental  improvements,  and  advancement  of  several  types  of  rsion 
procedures,  constitute  major  progress  towards  the  goal  of  full  antitative 
NDE. 


OVERVIEW 


PROJECT  II  -  QUANTITATIVE  NDE  FOR  SURFACE  FLAWS 

Project  II  is  a  newly  initiated  effort  with  the  objective  of 
quantitatively  measuring  the  fracture  related  properties  of  surface  flaws. 

Two  forms  of  interrogating  energy  are  being  utilized.  Ultrasonic  surface  wave 
and  angle  beam  approaches  are  being  developed  through  an  extension  of  the 
techniques  recently  developed  for  the  interior  defect  case.  Eddy  current 
techniques,  which  are  suitable  for  interior  defects  but  which  are  extensively 
used  in  the  detection  of  surface  flaws,  are  also  being  investigated  in  a 
series  of  tasks  designed  to  increase  their  quant  tative  capabilities. 

The  ultrasonic  surface  wave  characterization  of  flaws  is  addressed 
in  three  closely  related  reports  in  Unit  A  as  noted  in  Figure  1  of  the 
overview  for  Project  I.  A  first  step  in  the  establishment  of  a  defect 
characterization  capability  is  the  development  of  quantitative  theoretical  and 
experimental  techniques.  Auld  discusses  the  former  in  a  report  written 
jointly  with  Buck  and  Tittmann.  In  this  first  phase  of  his  theoretical 
efforts,  he  considers  the  analytically  simple,  but  practically  important,  case 
of  the  long  wavelength  limit.  In  this  regime,  he  develops  formulae  for  the 
back-scattering,  as  a  function  of  angle  fo*  a  semicircular  crack,  a  part 
circle  crack,  and  a  part  ellipse  crack.  The  theoretical  efforts  make  use  of 
recently  developed  reciprocity  relations  to  place  the  results  in  a  form  that 
can  be  directly  compared  to  the  electrical  signals  measured  using  either 
piezoelectric  or  electromagnetic  transducers.  Also  ircluded  is  a  discussion 
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be  a  part  of  this  program,  they  are  included  for  completeness.  Important 
highlights  include  the  demonstration  of  three  distinct  techniques  for  precise 
measurements  of  the  frequency  and  angular  dependence  of  surface  wave 
scattering  at  frequencies  ranging  from  2  to  100  MHz,  and  the  measurement  of 
scattered  signals  in  regimes  when  the  wavelength  is  comparable  to  and  much 
less  than  the  scattering  object.  In  the  latter  case,  the  results  indicate 
considerable  promise  for  a  simple  approach  to  the  problem  of  estimating  the 
surface  length  of  the  cracks. 

In  his  joint  report  with  Auld,  Buck  discussed  the  transducers  and 
samples  that  will  be  used  during  the  later  phases  of  this  program.  Particular 
attention  in  the  selection  of  samples  has  been  paid  to  establishing  a  direct 
link  between  the  idealized  flaws  having  stress  free,  smooth  surfaces  which  are 
being  studied  theoretically  and  experimentally  approximated  by  EDM  notched, 
and  fatigue  cracks  that  will  be  encountered  in  practice.  As  a  part  of  this,  a 
sequence  of  experiments  is  proposed  to  ascertain  the  effects  of  most  radius  of 
tne  crack,  closure,  and  surface  roughness.  Included  are  the  fracture 
mechanics  relationships  necessary  for  interpretation  of  the  results. 

A  key  step  in  transferring  these  research  results  into  field  use  is 
addressing  specific  problems  with  an  engineering  optimization  point-of-view. 
Such  an  effort  is  being  undertaken  by  Thompson,  Vasile,  and  Fortunko  for  the 
case  of  electromagnetic  transducers.  In  their  report  they  present  some 
preliminary  results  of  design  calculations  that  will  be  used  to  define 
transducer  configurations  optimized  for  defect  characterization. 

Unit  B  is  concerned  with  improvements  in  eddy  current  techniques. 
There  is  much  that  can  be  done  to  improve  the  interpretation  of  signals 
obtainable  in  presently  used  frequency  ranges  so  that  flaw  parameters  can  be 
more  quantitatively  defined.  Work  initiated  in  this  unit  to  date  focusses 
upon  a  newer,  less  familiar,  approach  to  eddy  current  testing  which  makes  use 
of  microwave  frequencies  to  increase  the  sensitivity  to  small  flaws  by 
decreasing  the  electromagnetic  skin  depth  (penetration  of  the  eddy  currents 
into  the  material).  For  example,  in  aluminum,  the  skin  depth  is  3.50  mils 
(89  f»t))  at  1  MHz  as  is  commonly  used  in  eddy  current  testing,  O.li  mils 
(2.8  Mm)  at  1  GHz  as  is  being  studied  by  Auld  and  Fortunko,  and  0.011  mils 
(0.28  ^m)  at  100  GHz  as  is  being  studied  by  Bahr.  In  addition  to  decreasing 


xi 


SC595.32SA 


the  skin  depth,  these  higher  frequencies  place  one  in  a  new  regime  in  which 
the  interaction  of  the  electromagnetic  energy  with  the  flaw  has  a 
substantially  different  character.  It  is  believed  that  data  obtained  by 
microwave  frequencies  will  yield  additional  information,  which  would 
complement  conventional  eddy  current  techniques  and  result  in  better 
quantification  of  flaws.  For  example,  Bahr  analyzes  the  interaction  of 
electromagnetic  energy  with  a  rectangular  flaw.  By  describing  the  fields 
inside  the  flaw  in  terms  of  cut-off  waveguide  modes,  he  finds  that  the  change 
in  scattered  energy  varies  linearly  with  flaw  depth  over  a  substantial  range 
of  parameters  as  long  as  the  depth  is  less  than  the  surface  length  (a 
condition  realized  by  most  naturally  occurring  flaws).  A  specific  example  is 
given  for  the  case  of  a  0.040  mil  (1  imi)  long  crack,  interrogated  by  ICO  GHz 
radiation.  It  is  interesting  to  note  that  this  depth  dependence  is  predicted 
despite  the  fact  that  the  skin  depth  is  less  than  0.1  His  future  work 
will  be  directed  at  utilizing  this,  and  other  related  results  to  be  derived 
from  the  model,  to  develop  procedures  to  quantitatively  measure  crack 
parameters. 

The  work  of  Auld  and  Fortunko  is  also  concerned  with  the  use  of 
microwave  frequencies  to  interrogate  flaws.  However,  their  experimental 
approach  is  significantly  different  since  a  ferromagnetic  resonator  is  used  to 
excite  a  very  localized  eddy  current  distribution  at  the  surface  of  the 
metal.  This  approach  promises  to  combine  high  sensitivity  with  high  spatial 
resolution.  In  their  report  they  discuss  the  principles  of  this  device, 
describe  a  compact  breadboard  model  and  present  some  recently  obtained 
experimental  data  including  the  detections  of  fatigue  crack.  Future  plans 
include  refinements  in  the  probe  design  and  the  study  of  its  use  in  measuring 
quantitative  flaw  parameters.  A  new  probe  design  inquiry  on  self-containing 
transistor  oscillators  is  also  being  studied.  It  is  believed  that  the 
transistor  oscillator  approach  may  result  in  considerable  reduction  in 
instrumentation  over  the  presently  used  passive  probe  approach. 

A  new  effort  has  been  just  started  with  Kincaid  and  General 
Electric.  This  effort  will  focus  its  attention  upon  the  utilization  of  finite 
element  analysis  to  enhance  quantification  capability  in  the  conventional  eddy 
current  frequency  regime. 
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OVERVIEW 

PROJECT  III  -  NDE  FOR  ADVANCED  MATERIALS 

Unit  A, addresses  the  long  standing  problem  of  predicting  the 
strength  of  a  completed  adhesive  bond  from  nondestructive  m^surements  on  the 
joint.’  The  approach  being  used  here  is  to  apply  new  and  powerful  techniques 
in  ultrasonic  signal  processing  as  well  as  studies  of  the  failure  mechanisms 
that  govern  the  strength  of  bonds  which  appear  homogeneous  and  acceptable  to 
currently  used  radiographic  or  ultrasonic  C-scan  methods.  In  this  way, 
advanced  concepts  in  quantitative  ultrasonic  NDE  can  be  applied  to  the  problem 
and  NDE  techniques  specifically  designed  to  measure  the  key  failure  related 
conditions  can  be  developed.  At  General  Dynamics,  computer  controlled 
scanning  and  ultrasonic  spectroscopy  are  being  used  to  deduce  the  physical 
properties  of  the  layer  of  adhesive  in  completed  bonds  and  then  to  use  these 
data  to  predict  the  mechanical  capabilities  of  the  joint.  At  the  Rockwell 
Science  Center,  the  emphasis  is  being  placed  on  determination  of  the 
microscopic  mechanisms  of  failure  so  that  alternate  means  of  interrogating  the 
bond  line  can  be  predicted.  During  the  current  reporting  period,  the  General 
Dynamics  research  has  been  aimed  at  decreasing  the  scatter  observed  previously 
in  the  data  that  demonstrated  the  correlation  between  the  cohesive  strength  of 
an  adhesive  joint  made  with  a  commercial  adhesive  and  the  values  of  the 
velocity  and  attenuation  of  sound  in  the  bulk  of  that  adhesive.  Data  on  the 
acoustic  properties  of  the  adhesive  alone  have  now  been  collected  in  order  to 
define  the  effects  of  moisture  and  cure  temperature  as  well  as  to  determine 
the  uncertainties  caused  by  the  inhomogeneities  introduced  into  commercial 
adhesives  by  the  scrim  cloth  and  the  metallic  fillers.  Now  that  this  basic 
information  is  available  on  three  commercial  adhesives,  carefully  controlled 
measurements  on  typical  aircraft  adhesive  bonds  will  be  made  using  not  only  a 
newly  developed  computer  signal  processing  method  but  also  the  Fokker 
Bondtester .  It  is  anticipated  that  more  reliable  predictions  of  the  strength 
of  these  bonds  can  be  deduced  from  the  acoustic  measurements  by  introducing 
the  data  on  the  adhesives  into  the  interpretation  of  the  measurements.  For 
the  problem  of  establishing  the  failure  mechanisms  in  weak  joints  that  would 
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would  pass  current  NDE  inspection  practices,  the  Rockwell  Science  Center  has 
chosen  to  study  a  model  adhesive  system  that  does  not  have  a  source  of  error 
due  to  fillers,  porosity  or  scrim  cloth.  Both  peel  and  shear  type  specimens 
have  been  prepared  with  moderately  degraded  adherend  to  adhesive  interfaces 
and  detailed  comparisons  between  their  strength  values  and  features  in  the 
Fourier  transform  representation  of  the  ultrasonic  signals  reflected  from  the 
joints  are  now  being  carried  out.  The  fracture  surfaces  of  the  broken 
specimens  are  also  being  examined  with  electron  and  optical  microscopy  in 
order  to  determine  the  nature  of  the  weak  interfaces.  It  is  anticipated  that 
the  results  of  these  studies  will  suggest  better  ways  of  interpreting  the 
ultrasonic  spectroscopy  data  as  well  as  alternate  techniques  for  performing 
nondestructive  tests.  One  new  NDE  method  already  being  studied  is  based  on 
using  electromagnetic,  noncontact  transducers  (EMATS)  to  excite  particular 
shear  wave  modes  that  propagate  parallel  to  the  adhesive  bond  line.  Special 
transducers  to  excite  and  detect  those  unique  plate  wave  modes  which  have 
different  polarizations  but  identical  propagation  velocities  are  being 
constructed  and  will  be  used  in  a  configuration  analogous  to  the  optical 
ellipsometer  to  see  if  the  character istics  of  the  thin  layers  at  the  adherend 
to  adhesive  interface  can  be  measured.  Another  potentially  useful 
interrogation  technique  is  to  study  the  low  frequency  mechanical  response  of 
the  adhesive  joint  in  order  to  use  measurements  of  the  viscoelastic  relaxation 
parameters  to  detect  weak  interfacial  joints. 

Unit  B  has  concentrated  on  the  development  of  advanced  NDE 
techniques  applicable  to  the  graphite  epoxy  class  of  fiber  reinforced 
composite  materials.  ~~  r  '  '< 

Two  particular  problem  areas  are  being  investigated:  the 
establishment  of  the  acoustic  emission  signal  characteristics  for  the 
individual  processes  that  contribute  to  the  failure  of  a  composite  and  the 
development  of  instrumentation  for  measuring  the  magnitude  and  spatial 
distribution  of  moisture  in  composites.  During  the  past  six  months,  specimen 
geometries  and  test  procedures  that  can  be  expected  to  be  dominated  by  only 
one  failure  mechanism  have  been  designed  and  fabricated  so  that  many  acoustic 
emission  signals  characteristic  of  a  particular  failure  mechanism  can  be 
generated  at  will.  These  signals  will  be  presented  to  a  new  signal  analysis 
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system  built  on  Science  Center  research  funds  which  will  record  sixteen 
descriptive  parameters  of  each  individual  acoustic  emission  burst.  A  computer 
program  to  sort  these  parameters  and  perform  signature  analysis  on  them  is 
almost  completed  and  will  be  put  into  operation  within  the  month.  Using  the 
by-products  that  accompanied  the  development  of  these  signal  analysis 
capabilities,  a  special  acoustic  emission  monitoring  system  was  designed  and 
put  into  operation  on  composite  coupon  fatigue  tests  at  the  Illinois  Institute 
of  Technology  Research  Institute  (IITRI)  in  Chicago  as  part  of  the  AFML 
sponsored  Composites  Serviceability  program.  Also,  a  procedure  for 
calibrating  acoustic  emission  transducers  and  their  associated  frequency 
spectrum  analysis  systems  was  established  in  cooperation  with  the  joint 
U.S. -Britain  Technical  Cooperation  Program  (TTCP)  organization. 

The  task  directed  at  developing  instrumentation  for  measuring  the 
moisture  content  of  graphite-epoxy  composites  has  advanced  through  the 
fabrication  of  special  chambers  for  fully  enclosing  small  composite  samples 
and  for  testing  a  small  section  of  long  bar  or  rod  shaped  section.  Chambers 
for  making  moisture  measurements  on  the  surface  of  large  plates  on  inside  of 
holes  have  been  designed  and  are  being  assembled.  All  of  these  devices  will 
be  capable  of  providing  data  on  the  effusion  rate  of  moisture  from  the  surface 

of  composites  and  these  data  will  be  processed  by  a  new  mathematical  procedure 

designed  to  yield  the  initial  distribution  of  moisture  as  a  function  of  depth 
within  the  composite.  For  these  cases  in  which  the  diffusion  rates  obey  the 
classical  diffusion  laws,  the  predicted  profiles  have  been  verified  and  the 
computer  programs  that  accomplished  the  data  analysis  are  being  prepared  for 
installation  in  the  class  of  small  minicomputers  that  are  available  for  field 
applicable  instruments.  For  the  cases  where  the  effusion  rate  deviates  from 
classical  behavior,  a  new  model  of  diffusion  is  being  developed  which 
considers  the  composite  as  a  two-phase  mixture  of  microcracks  and  a  continuum 

each  of  which  obeys  the  Fickian  diffusion  laws  but  with  different  parameters. 

Unit  C  was  initiated  in  October  of  1977  following  encouraging 
nondestructive  defect  detectability  studies  in  structural  ceramics,  using  high 
frequency  ultrasonics  and  microfocus  X-rays  (as  well  as  promising  results 
obtained  using  microwave  methods  and  acoustic  microscopy).  The  primary  intent 
of  the  unit  is  to  quantify  the  ability  of  nondestructive  methods  to  predict 
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failure  -  in  structural  ceramic  materials  of  technological  interest  -  both  on 
an  individual  basis  and  in  optimum  combinations.  This  ability  will  be 
compared  with  the  predictability  that  can  be  achieved  using  overload  proof 
test  procedures. 

The  unit,  as  conceived,  has  three  primary  components:  (i)  defect 
characterization  using  each  of  the  techniques  that  have  exhibited  promising 
preliminary  results  ( 1 i )  the  character ization  of  fracture  from  typical  defects 
in  structural  ceramics  (iii)  the  development  of  quantitative  reliability 
relations  based  on  the  defect  character ization  and  fracture  analyses. 
Initially,  the  approach  will  be  applied  to  disc  samples,  of  two  or  three  of 
the  prime  structural  ceramics,  containing  individual  defects  of  the  type  and 
size  that  typically  cause  premature  failure.  Subsequent  tests  will  be 
performed  on  actual  components.  For  analysis  of  bulk  defects  (Inclusions, 
voids),  disc  samples  have  been  fabricated  with  the  principal  defect  located 
near  the  center.  These  samples  are  firstly  being  inspected  using  those 
techniques  that  are  amenable  to  the  detection  of  defects  remote  from  the 
surface,  viz.  ultrasonics  and  X-rays.  The  studies  are  being  conducted  by 
J.  Schuldies  (microfocus  X-ray),  G.  S.  Kino  (high  frequency  ultrasonics)  and 
G.  A.  Alers  (conventional,  <  45  MHz,  ultrasonics).  When  these  initial 
inspections  have  been  completed,  the  samples  will  be  surface  ground  such  that 
the  defect  of  interest  is  located  ~  100  m  below  the  surface.  The  samples 
will  then  be  inspected  by  techniques  that  are  most  sensitive  to  the  presence 
of  subsurface  defects,  i.e.,  microwaves  (A.  Bahr,  S.  Sahrian),  Rayleigh  waves 
(G.  S.  Kino),  acoustic  microscopy  (L.  Kessler,  C.  Quate).  In  each  case,  the 
most  sophisticated  mode  of  signal  analysis,  as  it  emerges  from  Project  I  or 
other  research  activities,  will  be  used  to  obtain  the  pertinent  defect 
parameters  (type,  dimension,  orientation).  Subsequently,  the  samples  will  be 
fractured  (using  ramp-loading  conditions)  in  order  to  obtain  relations  between 
the  defect  fracture  stress  and  the  defect  size  and  type.  The  ancillary 
fracture  mechanics  theory  needed  for  this  purpose  is  being  concurrently 
developed  in  this  unit.  A  biaxial  flexure  test  will  be  used  for  the  fracture 
studies;  because  this  test  method  averts  undesirable  edge  failures  and 
concentrates  the  tension  in  a  narrow  zone  of  the  sample,  chosen  to  coincide 
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with  the  defect  location.  Finally,  the  fracture  origin  on  each  sample  will  be 
characterized  by  scanning  electron  microscopy,  to  obtain  an  unambiguous 
measure  of  the  defect  dimensions. 

For  surface  defects,  disc  samples  of  the  same  materials  containing 
surface  cracks  will  be  prepared  using  the  identation  method.  Various  grinding 
treatments  will  then  be  superimposed  to  produce  backgrounds  of  typical 
machining  damage.  The  samples  will  be  inspected  using  the  same  surface 
sensitive  methods  applied  to  the  volume  defects.  Inspection  will  again  be 
followed  by  fracture  tests. 

The  correlation  between  the  defect  character Ization  and  the  defect 
fracture  results,  needed  to  obtain  quantitative  f alse-accept,  false-reject 
curves,  will  utilize  recent  reliability  theory  (developed,  in  general  terms, 
using  Rockwell  IR&D  funding)  that  is  being  extended  to  the  specific 
requirements  of  this  unit. 

The  first  material  selected  for  study  is  hot-pressed  SI3N4 
manufactured  by  the  Norton  Co.  (NC  132)  because  this  is  the  standard  material 
being  used  in  most  of  the  current  DoD  ceramics  programs.  Fracture  studies  on 
this  material  have  indicated  two  primary  sources  of  fracture;  volume  defects 
(inclusions  and  voids)  introduced  during  fabrication,  and  surface  cracks 
introduced  during  machining.  The  ability  to  predict  failure  from  both  types 
of  fracture  origin  is  being  investigated.  Disc  samples,  nominally  containing 
single  inclusions  (in  the  size  range  25-200  m)  of  the  types  that  typically 
cause  fracture  in  this  material  (Si,  SIC,  WC),  have  been  prepared  and  recently 
(December)  delivered  by  the  Norton  Co.  These  samples  have  been  circulated  for 
the  first  set  of  X-ray  and  ultrasonic  inspections.  The  results  are  very 
preliminary  and  hence,  the  reports  by  the  respective  investigators  primarily 
contain  their  inspection  plans,  rather  than  detailed  results.  However, 
detailed  initial  results  are  inminent.  Samples  containing  voids  (made  by 
diffusion  bonding)  and  defect  free  samples  suitable  for  surface  crack  studies 
have  been  ordered,  and  will  arrive  in  a  few  weeks. 

The  second  material  selected  will  be  contingent  on  decisions  made  in 
other  programs  funded  by  ARPA  and  AFMl;  but  will  almost  certainly  be  either 
sintered  SIC  or  reaction  bonded  Si 3N4 .  these  studies  will  not  commence 
until  substantial  progress  has  been  achieved  on  the  NC  132  material. 
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While  awaiting  the  first  defect  characterization  results,  the 
fracture  mechanics  and  reliability  theories  are  being  developed  and  correlated 
with  available  defect  fracture  and  character ization  data.  Substantial 
progress  has  been  achieved,  as  reported  in  tasks  1  and  2.  In  particular,  the 
probabilities  of  fracture  from  spherical  voids  have  been  derived,  as  function, 
of  the  strength  level  and  void  radius.  The  probability  functions  that  have 
been  derived  will  form  the  basis  for  interpreting  the  strength  data  and 
obtaining  the  distribution  parameters  for  the  void  surface  cracks  pertinent  to 
the  test  material  (e.g.,  NC  132  SI3N4).  These  parameters  will  constitute 
the  input  into  the  reliability  analysis. 
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PROJECT  I,  UNIT  A,  TASK  1 

APPLICATION  OF  GEOMETRICAL  DIFFRACTION  THEORY 
TO  QNOE  ANALYSIS 

J.O.  Achenbach,  A.K.  Gautesen  and  H.  McMaken 

Department  of  Civil  Engineering 
Northwestern  University 
Evanston,  Illinois 

Introduction  j 

An  analysis  is  presented  of  the  diffraction  by  a  penny-shaped  crack 
of  time-harmonic  signals  emitted  by  a  point-source.  The  analysis  is  based  on 
elastodynamlc  ray  theory,  which  yields  relatively  simple  approximations  to  the 
diffracted  fields  of  <«ia/C|_  is  sufficiently  larger  than  unity,  where  ^  is  the 
circular  frequency  of  the  incident  waves,  a  is  the  radius  of  the  crack  and 
cl  is  the  velocity  of  longitudinal  waves.  The  diffracted  fields  include 
direct  diffractions  from  the  crack  edges  as  well  as  diffractions  of  signals 
which  travel  via  the  crack  faces.  For  three  positions  of  the  point  of 
observation,  numerical  results  for  the  three  displacement  components  have  been 
display  in  graphs. 

The  solution  of  the  direct  scattering  problem,  that  is,  the 
computation  of  the  field  generated  when  an  ultrasonic  wave  is  diffracted  by  a 
given  flaw,  is  a  necessary  preliminary  to  the  solution  of  the  inverse  problem, 
which  is  the  problem  of  inferring  the  geometrical  characteristics  of  a  flaw 
from  either  the  angular  dependence  of  the  far-field  scattering  amplitude  at 
fixed  frequency,  or  from  the  frequency  dependence  of  the  far-field  scattering 
amplitude  at  fixed  angle. 

In  this  report  the  direct  problem  is  considered.  The  diffraction  of 
time-harmonic  signals  by  a  penny-shaped  crack  is  analyzed  on  the  basis  of 
linearized  elasticity  theory  for  a  homogeneous,  isotropic  solid.  A 
considerable  literature  exists  on  diffraction  of  plane  waves  by  penny-shaped 
cracks.  Much  of  this  work  was  recently  summarized  in  a  review  article  by 
Kraut  (1976).  The  exact  mathematical  formulation  of  these  problems  is  very 
difficult  to  work  with,  since  they  are  mixed-boundary-value  problems. 
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In  this  report  an  approximate  method  is  developed,  which  is  based  on 
geometrical  diffraction  theory.  This  theory  has  recently  been  discussed  in 
some  detail  by  Achenbach  and  Gautesen  (1977)  and  Gautesen,  Achenbach  and 
McMaken  (1978).  Geometrical  diffraction  theory  provides  relatively  simple 
results,  and  it  can  be  applied  to  cracks  of  complicated  shape.  The  theory  is 
applicable  if  a>a/ci_  »  1,  where  to  is  the  circular  frequency,  a  is  a 
characteristic  dimension  of  the  crack,  and  c^  is  the  velocity  of 
longitudinal  waves. 

Formulation 


We  consider  a  penny-shaped  crack  of  radius  a  in  an  elastic  solid.  As 
shown  in  Fig.  1,  a  cartesian  coordinate  system  (x',y',z  )  is  introduced  such 
that  the  crack  is  in  the  (x ' y ’ )-plane,  and  the  origin  is  at  the  center  of  the 
crack.  The  direction  of  the  y'-axis  would  generally  be  suggested  by  the 
overall  geometry;  for  example,  the  y'-axis  could  be  normal  to  the  free  surface 
if  the  crack  were  located  in  a  half-space.  At  point  P(x',y',z0)  a 
time-harmonic  longitudinal  wave  of  spherical  symmetry  is  generated.  For  the 
purposes  of  analysis  it  Is  convenient  to  define  another  coordinate  system 
(x.y.z),  such  that  P  is  located  in  the  (yz)-plane.  The  (x’.y'.z)  and  (x,y,z) 
systems  are  related  by  a  rotation  over  an  angle  xQ  around  the  z-axis,  as 
shown  in  Fig.  1.  We  also  define  a  cylindrical  coordinate  system  (R,x,z) 
relative  to  the  (x,y,z)-system.  Point  Q(x,y,z)  is  a  point  of  observation. 

The  incident  wave  is  a  spherical  longitudinal  wave  of  the  form 


u 


inc 


iAc  A  Uj  (5/c L-tf 

%  e  , 


(1) 


where 


S2  *  x2  +  ( y-y0 ) 2  +  (z-z0)2. 


(2) 


and 


Cl  *  [(  A  +  2M)/p]>* 


(3) 
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Fig.  1  Plane  crack  of  circular  shape,  wich  a  source  point  at 
?  and  a  point  of  observation  at  Q. 
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is  the  velocity  of  longitudinal  waves.  Equation  (2)  corresponds  to  the  wave 
motion  generated  by  a  center  of  dilatation.  Sufficiently  far  from  the  source, 
the  spherical  wave  motion  generated  at  P  may  be  assumed  in  the  simple  form 

uinc  =  (A/S)  ei“>(S/cL-t)  +  OK1)  (4) 

The  faces  of  the  crack  are  assumed  free  of  surface  tractions,  i.e., 

z  =  0,  R  <  a:  ^ zR  =  ^"zx=  ®  (5) 

These  are  the  usual  conditions  considered  in  the  elastodynamic  diffraction 
literature. 

Canonical  Solutions 


The  diffraction  problems  formulated  in  the  preceding  section  will  be 
treated  by  geometrical  diffraction  theory.  Geometrical  diffraction  theory  is 
based  on  the  use  of  canonical  solutions,  which  as  asymptotic  results  for 
diffraction  of  a  plane  wave  by  a  semi-infinite  crack.  For  an  incident 
longitudinal  wave,  the  pertinent  canonical  solutions  have  been  obtained  by 
Achenbach  and  Gautesen  (1977).  Here  we  briefly  review  these  canonical 
solutions.  For  consistency  we  use  the  coordinate  system  and  the  indical 
notation  of  Achenbach  and  Gautesen  (1 977).  In  this  coordinate  system  the 
X3-axis  concides  with  the  crack  edge,  and  X2-axis  is  normal  to  the  plane 
of  the  crack.  The  geometry  is  shown  in  Fig.  2. 

The  displacement  components  of  the  incident  longitidunal  wave  are 

(ui)inc  s  A0piexp  (iaj(xjPj/cL-t)]  (6) 

where  pj  are  the  components  of  a  u^'t  vector  which  defines  both  the 
directions  of  propagation  and  of  displacement,  lr  terms  of  ang  s  shown  in 
Fig.  2  we  have 

(P1.P2.P3)  =  (sind>LCOS<9|_,  sir*6LSin0|_,  cosd>[_)  (7) 
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Fig.  2 


Canonic*!  problem:  plan*  longitudinal  wave  with 


characterization  capability  is  the  development  of  quantitative  theoretical  and 
experimental  techniques.  Auld  discusses  the  former  in  a  report  written 
jointly  with  Buck  and  Tittmann.  In  this  first  phase  of  his  theoretical 
efforts,  he  considers  the  analytically  simple,  but  practically  important,  case 
of  the  long  wavelength  limit.  In  this  regime,  he  develops  formulae  for  the 
back-scattering,  as  a  function  of  angle  fo  a  semicircular  crack,  a  part 
circle  crack,  and  a  part  ellipse  crack.  The  theoretical  efforts  make  use  of 
recently  developed  reciprocity  relations  to  place  the  results  in  a  form  that 
can  be  directly  compared  to  the  electrical  signals  measured  using  either 
piezoelectric  or  electromagnetic  transducers.  Also  ir eluded  is  a  discussion 
of  the  surface  wave  analog  of  the  relationship  reported  between  long  wave 
scattering  and  the  stress  intensity  factor  of  interior  defects,  although 
further  effort  is  required  before  this  result  can  be  fully  defined. 

The  development  of  surface  wave  measurement  techniques  is  presented 
in  a  paper  by  Tittmar.n,  DeBilly,  Cohen  -  Tenoudji,  Jungman,  and  Quantin 
included  as  an  Appendix  to  the  Auld,  Buck,  Tittmann  report.  These  results 
were  not  obtained  under  the  support  of  this  program.  However,  since  they  were 
obtained  by  one  of  the  key  investigators  while  on  leave  at  the  University  of 
Paris,  and  since  the  results  will  be  incorporated  in  later  efforts  that  will 
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In  the  plane  X2  =  0,  the  stress  components  corresponding  to  Eq.(6)  are 

r2i  a  i/A)Di  E(xi»x3*t)  (8) 

where 

0i  *  <ocilH<£/c$-2)  S2i  +  2P2Pi J  (9a) 

E(xi,x3,t)  =  exp!ioj[(xlpl  +  x 3 p3 ) / c |_  -t]i  (9b) 

For  the  canonical  solution  we  now  analyze  the  elastodynamic  response 
of  an  unbounded  solid  containing  a  semi-infinite  crack  whose  surfaces  are 
subjected  to  surface  tractions  equal  and  opposite  to  the  ones  stated  in 
Eq.(8).  Superposition  of  this  solution  on  the  incident  field  renders  the 
surfaces  of  the  crack  free  of  tractions,  and  provides  the  solution  to  the 
canonical  diffraction  problem.  Considering  the  half-plane  x2  >  0  the 
boundary  conditions  on  x2  =  0  for  the  symmetric  problem  are 


XI  >  0,  r22  =  -iMAo02  E(xi,x3,t) 

(10) 

■ 

xi  <  0,  u2  =  0 

(11) 

-oo  <  xi<  oo,  ''"21  =  r23  =  0 

(12) 

<!> 
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where  r  and  d  are  defined  in  Fig.  2,  and 


lijj  =  exp( iuj^g/Cyj)  S~^  ^  Aq  E(0,x3,t) 


Here  0  =  L  and  £  =  T  refer  to  the  diffracted  longitudinal  and  transverse  wave, 
respectively.  The  angle  is  determined  from  C|_cosd^-  =  cjcosd>|_, 
and  Sg  =  r/sirxfyj  is  the  distance  from  the  point  of  diffraction  to  the  point  of 
observation.  The  unit  vectors  jjj  relate  the  displacement  directions  of  the 
diffracted  fields  to  those  of  the  incident  fields  and  explicit  expressions  for 

these  vectors  are  given  in  Achenbach  and  Gautesen  (1977).  The  functions 

>0l)  are  the  diffraction  coefficients,  which  each  consist  of  two 

components:  one  from  the  symmetric  and  one  from  the  antisymmetric  problem, 


i.e., 


dJ(Mi,»l)  =  (o£)s  +  (dL)a 


Expression  for  the  diffraction  coefficients  have  been  derived  by  Achenbach  and 
Gautesen  (1977).  Let  us  define  the  absolute  value  of  a  dimensionless 
diffraction  coefficient  as 

Djj  =  |(w/C|_)1s(CL/C0)sind>/j  (cos<^g-cos0)  OjL(^ ;  <^,<9g)| »  (19) 

In  Figs.  3  and  4  these  dimensionless  diffraction  coefficients  have  been 
plotted  versus  the  angle  0  .  The  coefficients  D[_  and  Dy  have  been  computed 

for  the  range  0  <  2^.  It  is  noted  that  at  9  =  0  and  0-  2Tr  we  find  that 

nL.  vanishes,  i.e.  there  are,  in  first  approximation,  no  longitudinal 
L  -L 

diffracted  waves  on  the  crack  faces.  It  is,  however,  also  noted  that  Dy 

does  not  vanish  on  the  crack  faces.  Thus,  there  are  diffracted  transverse 

waves  propagating  over  the  faces  of  the  crack.  The  particle  motions  of  these 

waves  are  polarized  in  the  plane  of  the  crack,  i.e.,  relative  to  the  crack 

faces  they  are  horizontally  polarized. 

Application  of  Geometrical  Diffraction  Theory 


Geometrical  diffraction  theory  is  based  on  ray  theory.  In  a 
homogeneous  isotropic,  linearly  elastic  solid  the  rays  are  straight  lines, 
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which  are  normal  to  the  wavefronts.  For  time-harmonic  wave  motion,  ray  theory 
provides  a  method  to  trace  the  amplitude  of  a  high  frequency  mechanical 
disturbance  as  it  propagates  along  a  ray.  Elastodynamic  ray  theory  has  been 
presented  in  some  detail  by  Karal  and  Keller  (1959). 

Generally  the  application  of  a  time-harmonic  disturbance  to  the 
surface  of  a  body,  generates  rays  of  longitudinal  as  well  as  rays  of 
transverse  motion,  which  are  denoted  as  L-rays  and  T-rays,  respectively.  Upon 
striking  an  interface,  rays  produce  reflected  and  refracted  rays.  Such 
reflection  and  refraction  problems  are  well  in  hand.  Diffraction  by  smooth 
obstacles  has  also  been  investigated  in  some  detail,  e.g.  Resende  (1963).  The 
latter  reference  also  appears  to  be  the  first  one  to  deal  with  diffraction  by 
an  edge  in  a  solid,  at  least  for  the  two-dimensional  case.  A  more  general 
groundwork  for  a  three-dimensional  geometrical  diffraction  theory  for  cracks 
in  an  elastic  solid  was  given  by  Achenbach  and  Gautesen  (1977).  Basic  to  the 
theory  is  the  result  that  two  cones  of  diffracted  rays  are  generated  when  -. 
ray  carrying  a  high-frequency  body-wave  strikes  the  edge  of  a  crack.  The 
surfaces  of  the  inner  and  outer  cones  consist  of  L-rays  and  T-rays, 
respectively.  The  half-angles  of  the  cones  are  related  by  Snell’s  law. 

For  plane  longitudinal  and  transverse  waves,  which  are  under 
abritrary  angles  of  incidence  with  a  traction-free  semi-infinite  crack,  the 
fields  on  the  diffracted  rays  can  be  obtained  by  asymptotic  considerations  for 
air/c|_  >>  1.  Geometrical  diffraction  theory  provides  modifications  to  the 
semi -infinite  crack  results,  to  account  for  curvature  of  incident  wavefronts 
and  curvature  of  crack  edges,  and  finite  dimensions  of  the  crack.  In  the 
usual  terminology  the  results  for  diffraction  of  plane  waves  by  a 
semi -inf inite  crack  are  the  canonical  solutions.  For  the  problem  at  hand  the 
canonical  solutions  have  been  reviewed  in  the  previous  section. 

The  total  fields  at  a  point  of  observation  Q  are  not  just  comprised 
of  the  fields  on  the  "primary  diffracted  body  wave  rays”.  At  the  edge  of  tne 
crack  there  are  also  rays  of  crack-face  motion  generated.  These  rays 
intersect  the  crack  edges  again  and  generate  additional  diffracted  body  wave 
rays.  Some  of  these  "secondary  diffracted  rays"  will  pass  through  point  Q. 

On  the  faces  of  the  crack,  important  contributions  to  the  diffracted  fields 
are  coming  from  rays  of  surface  waves.  These  rays  are  important,  because  in 
the  first  approximation  the  diffraction  coefficients  for  the  body  wave  motions 
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vanish  on  the  crack  faces,  except  for  diffracted  horizontally  polarized 
transverse  wave  motions.  In  addition,  surface  wave  motions  suffer  less 
geometrical  decay  than  body  wave  motions.  In  a  recent  paper,  Gautesen, 
Achenbach  and  McMaken  (1978)  have  presented  a  theory  for  surface  wave  rays 
(SW-rays)  which  are  generated  by  the  diffraction  of  body  wave  rays. 

When  a  SW-ray  intersects  the  edge  of  a  crack,  a  ray  of  reflected 
surface  wave  motion  is  generated,  as  well  as  cones  of  diffracted  rays  of 
longitudinal  and  transverse  motions.  The  reflection  coefficients  can  be 
computed.  The  cones  of  diffracted  L-  and  T-rays  can  also  be  analyzed,  and  the 
associated  diffraction  coefficients  can  be  obtained.  With  the  aid  of  these 
reults  the  contributions  to  the  diffracted  fields  of  waves  which  travel  via 
the  crack  faces  can  be  computed.  Thus,  the  total  diffracted  field  consists  of 
primary  diffractions  and  a  system  of  secondary  diffractions. 

The  results  of  geometrical  diffraction  theory  are  not  valid  at 
shadow-boundaries.  Moreover,  for  curved  wavefronts  and  for  curved  diffracting 
edges,  the  cones  of  diffracted  rays  have  envelopes,  at  which  the  rays  coalesce 
and  the  fields  become  singular.  The  envelopes  are  called  caustics,  the 
results  of  the  geometrical  theory  of  diffraction  are  also  not  valid  near 
caustics.  It  is,  however  possible  to  extend  the  theory  to  shadow  boundaries 
and  cuastics. 

Before  returning  to  the  diffraction  of  a  point  source  field  by  a 
penny-shaped  crack,  we  summarize  some  pertinent  expressions.  The  details  can 
be  found  in  the  paper  by  Gautesen,  Achenbach  and  McMaken  (1978). 

Primary  diffracted  body-wave  rays.  For  an  incident  ray  of 
longitudinal  mot|on,  indicated  in  Fig.  I  by  PPp,  the  displacement  fields  on 
the  diffracted  body-wave  rays  are 

uL  .  etoS  Ijj  «L  '.2°> 

Here  U*-  defines  the  incident  wave  at  the  point  of  diffraction.  In  Eq .  ( 20 ) 
the  superscript  /3  defines  the  nature  of  the  wave  motion  on  the  diffracted 
rays.  Thus  we  have  Q  =  L  or  f3  =  T.  the  distances  Sp  are  along  the  diffracted 
rays  from  the  point  of  diffraction  Pp,  to  the  point  of  observation.  The  unit 
vectors  _i^  relate  the  displacement  directions  of  the  diffracted  fields  to 
those  of  the  incident  f'lds.  The  symbols  o^  define  the  distances  from  Pp 
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along  the  rays  to  the  caustics,  and  Djj  are  the  diffraction  coefficients 
which  have  been  plotted  in  Fig.  3.  For  an  incident  longitudinal  wave  we  have 

ojj  *  -  a  sin2d>g^a  (ddjg/ds)  s1nd>£  ♦  cosfi^J-1  (21) 

where  a  is  the  radius  of  curvature  of  the  edge  at  the  point  of  diffraction,  s 
is  the  distance  measured  along  the  edge,  and  bp  are  the  angles  between  the 
relevant  diffracted  rays  and  the  normal  to  the  crack  edge,  see  Fig.  5.  The 
angles  <*>!_,  and  are  related  by 

cj  cosd>L  *  C[_  cosd^r  (22) 

Diffracted  surface  wave  rays.  8oth  symmetric  and  antisymmetric 
surface  wave  motions  are  generated  on  the  faces  of  the  crack.  The 
displacements  on  the  diffracted  surface  wave  rays  are 

lib  *  e  i"SR/CR  °0<W  (?3) 

where  we  have  P  *  RS  and  p*  RA  for  symmetric  and  antisymmetric  surface  waves, 
respectively.  The  symbols  Sr  and  Pr  are  used  in  Eq.(23),  because  there  is 
no  difference  for  the  two  cases  RS  and  0  *  RA.  The  principal  difference 

between  Eqs.(20)  and  (23)  is  the  additional  term  S; **  in  Eq.(20).  This  term 

a 

reflects  three-dimensional  (spherical)  growth  and  decay  in  Eq.(20)  versus  two 
dimensional  (cylindrical)  growth  and  decay  in  Eq.(23). 

In  Eq .  ( 23 )  we  have 

or  =  -a  sind>R  (a  dd>R/ds+l )’*  (24) 

where  <£r  is  related  to  by 

cl  cos^>r  =  cr  cosd>L  (25, 

Reflection  of  surface  wave  rays.  A  surface  wave  ray  which  intersects 
the  edge  of  a  crack,  gives  rise  to  a  ray  of  reflected  surface  waves,  and  to 
two  cones  of  diffracted  body  rays,  for  a  surface  wave  incident  on  the  edge  of 
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a  semi-infinite  crack  these  reflection  and  diffraction  processes  nave  been 
studied  by  Freund  (1972).  In  the  spirit  of  geometrical  diffraction  theory,  « 
can  immediately  introduce  the  appropriate  corrections  for  curvature  of  the 
incident  wavefront  and  for  curvature  of  the  edge  of  the  crack. 

A  surface  wave  ray  is  reflected  such  tha*  the  angle  between  the 
reflected  ray  and  the  tangent  to  the  edge  is  just  the  same  as  the  angle  of 
incidence,  between  the  incident  ray  and  the  tangent  to  the  edge. 

Moreover,  rays  of  symmetric  (antisymmetric)  surface  waves  are  reflected  as 
rays  of  symmetric  (antisymmetric)  surface  waves. 

The  incident  field  is  defined  by  Eq.(23).  Quantitatively  the  fields 
on  the  reflected  surface  rays  are  g’ven  by 

*  eiwSR/cR( i  *  Sp/or)-1*  Aaia  Ua  (26 

Here  a  defines  the  nature  of  the  motions  on  the  incident  surface  rays  as  well 
as  on  the  reflected  surface  rays.  In  Eq.(26),  Sr  is  the  distance  from  the 
point  of  reflection  to  the  point  of  observation,  4$,  is  the  reflection 
coefficient  and  or  is  the  distance  to  the  caustic,  where 

vr  *  -a  sind>R  (a  di>R/ds  *  1)"1  (27 

This  is  the  same  formula  as  given  by  Eq.(24),  but  here^R(s)  is  the  given 
angle  of  incidence,  while  in  Eq . ( 24 )  <2>r  was  computed  from  Eq . ( 25 ) . 

Expressions  for  and  4?r$  are  given  by  Gautesen,  Achenbach  and  McMa«.en 
(1978). 

Body  wave  rays  generated  by  diffraction  of  surface-wave  rays .  Fora 
surface  wave  ray  incident  at  an  angle  <£r  with  respect  to  the  edge,  the 
direction  of  a  diffracted  ray  is 

-  cos^  t  sind>£  (costf  n  ♦  sintfb)  ,28 

where  &  -  L  and  T  correspond  respectively  to  a  diffracted  longitudinal  and 
transverse  ray,d>^  is  the  half  angle  of  the  diffracted  cone  of  nays  which  is 
related  to  the  incident  angle  ^r  by 
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cq  cos^g  *  cos <£>q  ,  (  29) 

In  £q . ( 28 ) ,  0e[O,2 t]  Is  a  parameter  whi-h  defines  the  individual  rays  o.<  tne 
diffracted  cone;  it  represents  the  angle  with  vector  n  of  the  projection  of 
the  diffracted  ray  onto  the  plane  normal  to  £ .  We  remark  that  if  the  angled^ 
is  imaginary,  then  the  corresponding  cone  of  diffracted  rays  1$  aLsent. 

The  displacement  fields  are  of  the  general  form 


a 


e'-V'sJs,,!! 


Or  t» 

<i  J 


,30, 


where  a  defines  the  incident  surface  wave,  i.e.. 


a  3  RS  or  u  1  RA,  (,  31  j 

and  (3  defines  the  diffracted  body-wave,  .e., 

(3  3  L  or  (3  2  T  3c  i 

Also  are  the  pertinent  diffraction  coefficients  which  have  been  computed  by 
Gautesen,  et  al.  (1978).  The  distance  to  the  caustics  are  given  by 

°/3A  a  °jp  *  -  a  sln^jfa  d<^/ds  ♦  cosh^)’*  (33) 

where  <t>(3  is  related  to  the  incident  angle^R  by  Eq . ( 29 ) ,  and  \  and  6y 

are  the  angles  between  the  relevant  diffracted  rays  and  the  normal  to  the  edge. 

Ray  Analysis 

We  now  return  to  the  problem  formulated  earlier,  and  observe  that  the 
field  at  the  point  of  observation  Q  is  determined  by  the  sunmation  of  the 
contributions  from  each  of  the  rays  passing  through  this  point.  The  natjre  of 
the  rays  passing  through  Q  depends  on  the  location  of  Q  relative  to  the  cracc 
and  relative  of  the  source  point  P.  There  can  be  direct  L-rays,  reflected  L- 
and  T-rays  and  diffracted  L-  and  T-rays.  If  Q  is  in  the  shadow  zone,  only 
diffracted  rays  can  pass  through  Q.  The  magnitudes  of  the  signals  carried  by 
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diffracted  rays  is  0[(uta/ci_)'1']  as  compared  to  the  signals  of  the  direct 
ray  and  of  the  reflected  rays.  Among  the  diffracted  rays  we  will  include 
primary  diffracted  rays  which  are  generated  by  the  incident  rays,  and 
diffracted  rays  generated  by  rays  travelling  via  the  crack  faces.  For  the 
latter  we  will,  however,  only  include  the  L-  and  T-rays  that  are  generated  at 
first  reflections  and  diffractions  at  the  crack-edge  of  the  SW-rays  and 
T-rays.  This  is  justifiable  because  the  reflection  coefficients  are  small. 
With  this  simplification  there  are  still  at  least  16  diffracted  rays  passing 
through  a  point  of  observation. 

The  diffracted  field  u^  at  Q  can  be  represented  by 

ad  *  :  ^  *s  n'ffy  (3*) 

where  uk  and  uhv  represent  the  primary  and  secondary  diffractions, 
respectively.  In  uU^  the  symbol  0  denotes  the  crack-face  ray,  i.e.,  0  *  RS, 
0-  RA  or  0s  T.  The  symbol  Y  defines  the  body-wave  rays  generated  by 
diffraction  of  a  crack-face  ray;  thus,  Y*  L  or  Y *  T.  The  summations  in 
Eq . ( 34 )  are  carried  out  over  all  rays  of  a  particular  type  passing  through  Q. 

Let  us  first  consider  the  primary  diffractions.  The  position  of 
point  of  diffraction  on  the  crack  edge,  P^ ,  is  defined  byX^j  aishown  in 
Fig.  1.  For  a  fixed  field  point  Q,  those  values  of X(}  which  satisfy  a  simple 
equation,  determine  the  incident  rays  PPg  which  generate  cones  of  diffracted 
rays  which  contain  a  ray  passing  through  Q.  This  simple  equation  is  Eq . ( 40 ) 
of  a  recent  paper  by  Achenbach,  Gautesen  and  McMaken  (1978).  For  each  value 
of  0  ,  this  equation  always  has  at  least  two  solutions  and  it  may  have  as  many 
as  four.  To  visualize  the  latter  case,  we  observe  that  a  ray  from  each  of  the 
cones  of  rays  of  type  |3  diffracted  at  the  symmetric  points  (♦  acosX)j, 

asinAjg.O ) ,Xp  *  ~/2j  3ir/2)  on  the  edge  will  strike  some  common  rjint  0  in  the 
plane.  Each  of  the  cones  of  rays  of  type  3  diffracted  at  the  points  defined 

by*/?  =  T/2,  3~/2,  actually  circles  in  this  case,  maps  out  the  entire  y-z 
plane,  and  therefore  yields  two  more  rays  which  pass  through  Q. 

Other  diffracted  rays  that  will  be  taken  into  account  at  Q,  are  the 
ones  generated  by  the  diffraction  of  rays  that  have  travelled  once  over  the 
faces  of  the  crack.  On  the  crack  faces  we  have  surface-wave  rays  (SW-rays), 
and  rays  of  transverse  motion  in  the  plane  of  the  crack  (T-rays).  'hese  are 
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indicated  by  ujj.  The  fields  generated  by  diffraction  of  these  crack-face 
rays  are  denoted  by  ujj^,  where  /3  *  RS,  RA  or  T  now  defines  the  incident  upon 
rays,  and  7  s  L  or  T  defines  the  diffracted  rays.  When  a  ray  of  type  (3  is 
incident  upon  the  crack  edge  at  Py  under  an  angle  <t>p y  with  the  tangent,  it 
diffracts  cones  of  L-  and  T-rays.  Two  equations  must  be  solved  smultaneously 
to  yield  the  point  P^  from  which  a  diffracted  crack-face  ray  emanates,  and  the 
corresponding  point  Py  at  which  it  diffracts  a  ray  of  type  y  passing  through 
the  observation  point  Q.  These  two  equations  are  stated  as  Eq.(47)  in 
Achenbacn  et  al.  (1978).  There  are  always  at  last  two  sets  of  solutions,  and 
there  may  be  more. 


Diffracted  Fields 


In  the  (x'y'z)-coordinate  system  shown  in  Fig.  1,  the  source  point 
was  placed  at  P(2a,-2a,3a) .  Numerical  results  for  the  diffracted  displacement 
field  were  obtained  for  three  points  of  observation  relative  to  the 
(x1 ,y‘ ,z)-systems.  These  were  Q(2a,0,3a)  Q(2a,2a,3a)  and  Q(2a,5a,3a).  No 
direct  reflected  signals  of  the  incident  wave  from  the  crack  surface  pass 
through  these  points.  The  displacement  components  in  the  (x'.y'^  z)-system 
were  computed  from  Eq.(34).  The  calculations  were  carried  out  for  a  value  of 
Poisson's  ratio  v  =  0.25.  The  absolute  values  of  the  displacement  components 
have  been  plotted  in  Figs.  6-8. 

We  will  comment  briefly  on  the  inverse  problem,  i.e.,  the  problem  of 
determining  the  location  of  the  crack  edge,  on  the  basis  of  measurements  at  a 
number  of  points  of  the  amplitudes  have  been  measured  as  function  of  the 
frequency,  so  that  the  data  are  available  in  the  general  form  shown  in  Figs. 
6-8.  We  also  assume  that  the  crack  is  planar,  and  that  the  plane  of  the  crack 
has  been  detected  from  measurements  of  reflections  of  short  duration  pulses  by 
the  crack  surfaces.  Directly  usable  information  to  determine  the  location  of 
the  crack  edge  can  then  be  obtained  from  the  diffracted  fielos  by  filtering 
out  the  dominant  harmonics  from  the  amplitude  versus  frequency  data.  The 
harmonics  with  the  lowest  frequencies  generally  correspond  to  the  primary 
diffractions.  The  primary  diffractions  show  an  amplitude  decay  or  order 
0(0)-^).  The  higher-frequency  harmonics  correspond  to  the  secondary 
diffraction  of  signals  which  have  travelled  vias  the  crack  faces.  These  may 
be  separated  into  three  distinct  classes,  decaying  as  0(w"?),  0(^-1)  and 
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faster  than  respectively.  Harmonics  of  the  last  type  have  not  been 

considered  in  this  paper,  and  it  may  be  assumed  that  they  can  be  ignored.  The 
higher-frequency  harmonics  decaying  as  are  generated  by  Rayleigh 

surface  waves  travelling  over  the  crack  faces,  while  the  ones  decaying  as 
0(w-i)  represent  the  secondary  diffractions  generated  by  horizontally 
polarized  transverse  mocions  on  the  crack  faces.  Once  the  identification  of 
the  component  harmonics  has  been  accompl ished,  their  frequencies  must  be 
related  to  interference  of  wave  motions  due  to  the  differences  in  travel  paths 
via  the  various  ray  patterns.  The  so  obtained  differences  in  travel  paths 
provide  information  on  the  location  of  the  crack  edge  and  on  the  size  an  shape 
of  the  crack. 

Future  Work 

For  appropriate  choices  of  the  parameters,  computations  based  on  the 
theory  presented  in  this  Progress  Report  will  next  be  compared  with 
experimental  results  for  scattering  by  a  penny-shaped  crack,  which  have  been 
obtrained  by  Professor  L.  Adler  of  the  University  of  Tennessee.  Next  the 
theory  discussed  in  this  report  will  be  extended  to  elliptical  cracks  for 
which  experimental  results  have  also  been  obtained  by  Adler. 
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PROJECT  I,  UNIT  A,  TASK  2 

THEORETICAL  STUDIES  OF  ULTRASONIC  FLAW  CHARACTERIZATION 

J.  E.  Gubernatis 
Theoretical  Division 
Los  Alamos  Scientific  Laboratory 

Introduction 

Since  official  agreement  on  the  proposed  research  was  just  reached, 
the  main  research  effort  will  come  in  the  second  half  of  the  fiscal  year. 
However,  important  steps  have  been  both  accomplished  and  new  ones  initiated 
and  are  herein  described. 

Code  Transfer 

Modification  and  transfer  of  an  existing  computer  code  to  be  used  in 
the  work  of  A.  Mucciardi  at  Adaptronics,  Inc.  has  been  completed.  This  code 
computes  the  scattering  of  a  plane  elastic  wave  from  spheroidal  flaws  using 
the  extended  quasi-static  approximation,  an  approximation  that  mitigates 
several  limitations  found  in  the  currently  used  Born  approximation.  The 
modifications  consisted  of  the  removal  of  system  dependent  features  to  allow 
the  code's  use  on  Mucciardi's  computer  system,  the  incorporation  of  a 
requested  form  of  output  and  the  generalization  of  the  analysis  for  arbitrary 
angle  of  incidence. 

More  specifically,  as  originally  written,  the  code  was  intended  for 
use  in  an  interactive  {time  sharing)  mode  with  var^us  supporting  graphics 
facilities  proper  to  Los  Alamos.  The  use  intended  by  Mucciardi  is  in  a  batch 
mode  without  the  availability  of  these  supporting  facilities.  As  a  result, 
considerable  modification  of  input/output  procedures  was  necessary.  An 
additional  and  significant  modification  was  the  generalization  of  the  code  for 
a  plane  wave  incident  at  an  arbitrary  angle  to  allow  the  code's  use  in  a 
larger  variety  of  experimental  situations.  Originally,  the  plane  wave  was 
incident  only  along  the  principal  axes  of  the  spheroid. 
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Items  sent  to  Mucciardi  include: 

1.  A  source  deck  of  the  code 

2.  A  listing  of  this  deck 

3.  Results  of  three  test  runs 

4.  A  data  deck  for  these  runs 

5.  A  description  of  input/output  procedures 

New  Research 

The  research  effort  to  come  in  the  second  half  of  the  fiscal  year 
will  focus  on  an  inverse  scattering  problem.  One  will  try  to  answer  the 
question,  "To  what  extent  can  large  classes  of  flaws  be  effectively  modeled  by 
spheroi daily-shaped  flaws?"  We  will  start  by  defining  a  specific  model  for  a 
flaw:  a  spheroidal ly-shaped  void  or  inclusion  whose  scattering  is  described  by 
the  extended  quasi-static  approximation.  The  model  thus  depends  on  several 
variables  (scattering  angles,  frequency,  etc.)  and  parameters  (changes  in 
material  properties,  size,  orientation,  etc.)  In  an  experimental  situation 
measurements  give  data  corresponding  to  a  given  set  of  variables.  With  this 
data  one  will  attempt  to  determine  in  a  least-squares  sense  the  parameters  in 
the  model.  This  determination,  however,  corresponds  to  a  complete 
characterization  of  the  flaw.  One  is  basically  attempting  to  go  from  the 
data,  through  a  model,  to  characterization  of  the  flaw  without  any  a  priori 
information  about  the  flaw  other  than  the  assumption  of  a  spheroidal  shape. 

The  program  to  be  undertaken  will  attempt  to  build  upon  itself  in  several 
steps  by  gradually  increasing  the  number  of  parameters  to  be  determined.  One 
will  first  see  if  the  radius  of  a  spherical  void  can  be  determined,  then  see 
if  a  spherical  void  can  be  distinguished  from  an  inclusion,  then  ask  related 
questions  about  spheroidal  flaws.  Increasing  the  number  of  parameters 
significantly  increases  the  difficulty  of  their  determination.  Attention  will 
be  paid  to  the  stability  of  the  analysis  to  experimental  errors  in  data 
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PROJECT  I,  UNIT  A,  TASK  3 

THEORY  OF  ULTRASONIC  SCATTERING 

E.  Domany,  K.  Newman,  C.  Lam 
Department  of  Physics 
University  of  Washington 
Seattle,  WA  98195 


Introduction 

Research  concerning  two  different  tasks  is  summar ized.  (1)  A  new 
approximation  scheme  for  scattering  of  elastic  waves,  the  Distorted  Wave  born 
Approximation  (DWBA),  is  being  developed.  (2)  The  Quasi  Static  Approximation 
(QSA)  is  used  to  characterize  the  signal  scattered  by  cracks  and  volume 
defects . 

The  library  of  existing  approximate  solutions  of  the  scattering 
problem  for  volume  defects  includes,  among  others,  the  Born  Approximation1 
and  the  Quasi  Static  Approximation^.  These  approximations  have  the 
deficiency  of  (1)  not  containing  phase  information  and  (2)  providing 
unreliable  frequency  dependence  in  the  intermediate  to  high  frequency  range 
(ka  >1).  We  hope  that  the  DWBA  will  be  a  first  step  in  providing  such 
information  for  non-ellipsoidal  defects-1. 

The  DWBA  is  based  on  a  perturbative  solution  of  the  scattering 
equation,  much  in  the  same  way  as  the  Born  Approximation.  However,  while  in 
the  BA  the  unperturbed  problem  (or  zeroth  order  solution)  is  the  incident  wave 
(propagating  in  a  homogeneous  medium  with  no  defect),  the  DWBA  uses  the 
solutions  of  the  scattering  problem  for  a  spherical  defect  as  the  unperturbed 
zeroth  order  approximation.  Thus  while  the  BA  is  exact  only  in  the  limit  of 
vanishing  difference  between  the  properties  of  medium  and  defect,  the  DWBA  has 
an  additional  "small  parameter,"  i.e.,  a  measure  of  the  deviation  of  the 
defect  from  spherical.  As  shown  below,  in  order  to  calculate  the  scattered 
wave  within  the  DWBA,  one  needs  the  Green's  function,  g$,  of  an  infinite 
medium  with  a  spherical  defect.  When  g$  is  approximated  by  the  infinite 
medium  Green’s  function  gO,  we  obtain  an  approximation  expected  to  be  of 
intermediate  quality  between  BA  and  DWBA.  Our  research  effort  was  planned 
along  two  parallel  lines.  The  first  is  evaluation  of  g$,  while  the  second 
concentrates  on  setting  up  the  necessary  numerical  integrations  and  evaluating 
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the  integrals  with  g$  replaced  by  gO.  when  gS  is  obtained,  we  hope  to 
use  it  in  the  integration  routines  that  were  developed,  thus  obtaining  the 
DWBA. 

The  second  part  of  our  research  deals  with  identification  of 
features  to  be  used  to  characterize  cracks  versus  volume  defects.  This  is 
based  on  the  QSA.  In  December,  a  computer  code1*  that  utilizes  the  QSA  for 
elliptical  cracks  and  general  angle  of  incidence  was  transferred  to  us  from 
Cornell.  Changes  needed  to  run  this  program  at  the  UW  are  currently  being 
made.  Meanwhile,  an  investigation  based  on  the  QSA  for  cracks  is  carried  out 
in  collaboration  with  J.  £.  Gubernatis  using  the  code  (that  handles  special 
angles  of  incidence)  at  Los  Alamos. 

The  Distorted  Wave  Born  Approximation. 

The  differential  equation  for  the  propagation  of  elastic  waves  in  a 
medium  characterized  by  the  (position  dependent)  elastic  constants  C i j ^ l  and 
density  p  is  given  by 


cijkl  “k,jl  +^>2  uj  =  0  (I) 

where  u,  is  the  displaced  field  and  w  the  frequency.  Consider  the  geometry 
depicted  in  Figure  1,  i.e.. 


C(r)  =  C°  +  0R(r)  8C 

<§(r)  =  ?°  +  0R(r)  8P  (2) 

where  d{r )  =1  if  r  e  R,  and  zero  otherwise.  The  defect  R  is  separated  into 
two  regions:  a  spherical  one  (S)  and  a  remainder  R,  such  that  R  =  S  +  R.  Thei 
one  can  define  0$(r)  and  0R(r)  in  a  similar  way,  so  that  (see  Fig.  1) 

^R(r)  =  0s(R)  +  #R(r)  .  (3) 


We  can  now  consider  as  our  unperturbed  problem  the  case  where  only  the 
spherical  defect  S  is  present.  To  do  this,  define 
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C$(r)  *  C°  *  eS{r)  5C 

Ps(r)  »  P°  ♦  0S(r)  6P  .  (4) 

and  we  can  obviously  write 

C(r )  s  Cs{r)  +  0fi(r)  &C 

P(r)  -  PS(r)  ♦  «R(r)  SP  (5) 


Using  now  (5)  and  (1),  the  scattering  equation  takes  the  form 

Ci jkl  uk,jl  +  ui  =  'flR  [5C1jkl  uk,jl  +  ^  bp  ui]  ^ 

If  the  right  hand  side  vanishes,  the  solutions  of  this  equation  are  the 
scattered  waves  by  a  spherical  defect,  obtained  by  Ying  and  Truell5. 

These  solutions  have  been  programmed  and  are  readily  evaluated  numerically. 
Proceeding  in  a  similar  fashion  as  Gubernatis  et  al 6,  we  obtain  the  integral 
equation 

^(r)  =  u?(r)  +  5 p-J  f  dr'  g^Jr.r*  )ui(rl ) 

R 


-  5Cijkl  I  dr-gimJ1(r,r')ukJ,(r-) 

R 

c 

where  u?(r)  is  the  solution  of  the  scattering  problem  with  a  spherical 
defect  only 

cijki  Vji  +',S‘j2“f  =  0  ■ 

5 

and  girp(r,r')  is  the  Green's  function  in  the  presence  of  a  spherical 
defect,  i.e., 


Cijkl  1  +  -  r' 
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Note  that  in  Eq.  (7) 

9*,(r.r')  (U 

and  that  since  C f j ^ i  and  P f j ^ ^  are  not  trans 1  at iona 1 1 y  invariant, 
g^j(r,r' )  is  not  a  function  of  r  -  r'  only.  The  DW8A  consists  of  replacing 
u.j(r')  in  the  integrands  on  the  right  hand  side  of  Eq.  (7)  by  u^(r'): 


DWB  ,  2  c  c 

ui(r)  =  u^(r)  ♦  bpJ-  /  dr'g^m(r,r' )u^(r' ) 


-  5C1jkl  {  1111 

R 

DWB  c  c 

To  evaluate  u^  ,  we  need  the  functions  u->  and  g-\  and  perform  the 

integration  over  the  region  R  numerically.  The  relative  corrections  to  the 

Born  approximation  are  of  order  R6C;  to  the  DWBA  of  order  6CR/S.  This  means 

that  we  introduced  a  geometrical  "small  parameter,"  namely  the  deviation  of 

the  defect  from  spherical.  We  also  hope  to  determine  the  "optimal  sphere"  to 

be  used  for  treatment  of  various  defects.  Since  the  function  gs  has  not 

been  calculated  previously,  w_  start  by  setting  up  an  intermediate 

approximation,  replacing  g$  in  Eq.  (11)  by  the  infinite  medium  Green's 

function  gO.  Since  g$  satisfies  an  equation  of  the  form  (schematic) 

gS  -  g°  +  /  6C  g°gS 
S 

the  error  caused  by  replacing  gS  by  g&  in  (11)  is  of  order  R5C-S6C. 

This  intermediate  approximation  is  given  by 


u|  =  u^  +  bpJ-  /  dr'  g°m(r  -  r')u^(r') 
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( where  we  used  g  ?m ,  j  *  a  '  9im,j)-  A  computer  code  tnat  will  evaluate  ik'j 
is  in  an  advanced  state  of  development. 

The  Green's  Function  qS.  This  function,  defined  by  >9),  describes 
the  displacement  field  at  point  r,  given  a  point  source  stress  at  point  r’,  in 
an  infinite  medium  in  which  a  spherical  defect  is  embedded.  We  first  treat 
the  case  where  r‘  is  outside  the  defect.  Choosing  the  line  that  passes 
through  r‘  and  the  center  of  the  sphere  as  our  z  axis,  we  have  calculated  the 
component  gi3(r  -  r’).  The  calculation  is  closely  related  to  the  solution 
for  scattering  of  longitudinal  waves  by  spherical  defects.  We  denote 
gS(^n)(r,r ' )  the  solution  with  r  inside  and  by  gS(°ut ) (r ,r ' }  with  r 
outside  the  defect.  These  fields  solve  the  equations 


0 


Ci  jkl 


gS(out) 

k3,j1 


S(out) 

g13 


-6i36(r  -  r ' ) 


Substitute  now 


(13.1) 

(13.2) 


gS^OUt)  .  ,03 


9 


1 

13 


into  (13.2),  with  g^  the  infinite  medium  Green's  function;  g!^ 
satisfies 


Cijk1  9k3.jl  *^9)3  *  0  (14) 

Equations  (13.1)  and  (14)  are  similar  to  those  treated  by  Ying  and  Truell^; 
we  use  the  same  functions  as  there  to  expand  g(in)  and  gl.  Expanding  gO 
in  the  same  set  of  functions,  we  can  match  boundary  conditions  (continuity  of 
displacement  and  normal  stress).  Then,  by  numerically  inverting  the  same 
matrix  as  Ying  and  Truell,  the  Green's  function  gi3(r,r')  is  obtained. 

Oetails  of  this  section  will  be  presented  elsewhere7.  At  present  we  work  on 
extension  of  our  solution  to  gfj(r  -  r ' )  with  the  direction  xj  1  r ' .  To 
do  this,  we  have  to  utilize  the  (more  complicated)  solution  for  the  scattering 
of  shear  waves. 
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Scattering  by  Elliptical  Cracks  -  Quasi  Static  Approx imat ion^. 

We  consider  an  elliptical  crack  with  major  axis  a  :-b,  and  choose 
our  axes  with  x  n  a,  y  ii  b,  and  z  perpendicular  to  the  face  of  the  crack.  The 
scattered  wave  has  longitudinal  and  shear  components,  denoted  by  A,  and 
Bi,  respectively  given  by 

Ai  ■  nrjfj (a)  (15.1 


Bi  *  («ij  -  nrjjfjt^) 


(15.2 


where 


fi  (k) 


4 tpJ  Cijkl  rj7klmnemnS^ 


(16) 


with  S(q)  the  "shape  factor"  for  a  crack^,  e$n  Is  the  incident  stress 
field,  which,  in  the  long  wave  length  limit,  is  given  by 


e°  a  i  (U°k°  ♦ 
emn  2  m  n 


u°k°) 
n  m 


where  u?  is  the  incident  displacement  field  and  k^  the  incident  wave 
vector,  we  first  consider  the  leading  order  in  k,  i.e.,  put  S(q)  =  1.  The 
tensor  Ykimn  that  appears  in  (16)  can  be  calculated  by  taking  appropriate 
limits  (that  reduce  finite  volume  ellipsoids  to  cracks)  in  Eshelby's 
expressions^.  Investigation  of  (16)  for  various  incident  waves  yields  a 
set  of  interesting  results^.  Here  we  only  summarize  a  few. 

1.  Incident  longitudinal  wave: 

(a)  When  is  either  perpendicular  or  parallel  to  the  plane 

of  the  crack,  one  obtains  the  same  angular  distribution  of  scattered  power  (in 
the  crack  frame).  This  fact  may  turn  out  to  be  important  in  differentiating 
between  cracks  and  volume  defects. 

(b)  By  ar  ’lytic  evaluation  of  the  backscattered  longitudinal 
power,  we  found  the  optimal  position  of  the  transducer  (operating  in  the 
pulse-echo  mode)  to  obtain  information  about  the  eccentricity  of  the 
ellipsoidal  crack.  With  the  transducer  located  at  {8  ,<t>)  the  backscattered 
longitudinal  power  is  proportional  to  A(0,<A)^  with 
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A(0.*)oa  (1  ♦  ^  cos20)  (1  + 


rnc  \ 


sin220 


The  constant  C2  measures  the  deviation  of  the  crack  from  circular;  thus,  by 
fixing  6  at  45°  and  varying  d>,  the  variation  of  the  backscattered  signal 
is  maximized  and  can  be  used  to  estimate  the  eccentricity. 

2.  Incident  shear  wave 

When  the  incident  wave  vector  and  polarization  are  in  the  plane 
of  the  crack,  no  power  is  scattered  (in  the  long  wavelength  limit).  This 
feature  may  also  serve  to  differentiate  cracks  and  volume  defects. 

Because  of  the  additional  freedom  to  vary  the  polarization,  it 
may  well  turn  out  that  incident  shear  waves  are  a  more  effective  tool  for 
defect  characterization  than  incident  longitudinal.  A  detailed  investigation 
of  this  type  of  scattering  is  now  under  way. 
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PROJECT  I,  UNIT  A,  TASK  4 
ULTRASONIC  SCATTERING  AND  THE  INVERSE  PROBLEM 
J.A.  Krumhansl 

Cornell  University,  Ithaca,  New  York 
with 

P.  Mansfield,  J.  Rose,  and  S.  Teitel 


Introduction 

During  the  last  semi-annual  period  three  projects  have  been  pursued. 
First  we  have  obtained  new  results  for  the  scattering  of  long  wavelength 
elastic  waves  from  flat  cracks.  Second,  a  new  inversion  procedure  is  being 
tested  and  calibrated.  Finally,  an  attempt  was  made  to  derive  numerically 
exact  results  for  the  scattering  of  elastic  waves  from  the  prolate  and  oblate 
spheroids. 

Scattering  From  a  Crack 

New  results  have  been  obtained  for  the  long  wavelength  scattering  of 
elastic  plane  waves  from  a  flat  crack  using  the  quasi-static  approximation. 
Previously,  we  have  given  results  for  a  longitudinally  polarized  ultrasonic 
wave  incident  along  the  axis  of  symmetry  of  a  circular  stress  free  crack.  1 
These  results  have  been  extened  to  the  following  more  general  case:  I)  the 
polarization  of  the  incident  wave  is  not  arbitrary,  2)  the  incident  beam  is 
now  allowed  to  strike  the  crack  at  an  arbitrary  angle  of  incidence  and, 

3)  the  shape  of  the  crack  has  been  generalized  to  an  ellipse.  These  changes 
should  greatly  extend  the  usefulness  of  our  results  for  interpreting 
experimental  results.  First  we  can  now  consider  the  case  of  an  incident  shear 
wave  scattering  from  the  crack.  Secondly,  the  generalization  of  the  results 
to  an  arbitrary  angle  of  incidence  should  give  much  useful  information  when 
analyzed.  For  example,  an  a  priori  interesting  question  would  be  the  amount 
of  directly  backscattered  power  from  a  circular  crack  as  we  rotate  the  crack 
from  a  face  on  configuration  to  an  edge  on  configuration.  Finally,  by 
extending  the  shape  of  the  scatterer  to  an  ellipse,  we  consider  a  much  broader 
class  of  scatterers  than  previously.  In  particular,  by  taking  the  ellipticity 
of  the  crack  to  be  small,  we  can  approximate  a  long  thin  flat  crack.  The 
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orientation  dependence  of  the  scattering  from  such  a  scatterer  is  of  great 
interest . 

The  results  for  the  scattering  from  the  crack  discussed  in  the  last 
paragraph  are  given  in  detail  in  Appendix  A.  As  indicated  there,  we  have 
obtained  the  final  computable  results.  The  programs  to  evaluate  these 
cross-sections  have  been  written  and  we  are  currently  in  the  prr--ss  of 
evaluating  these  results  for  general  qualitative  features  which  may  be  of 
interest  in  interpreting  experimental  results.  An  example  of  a  case  where 
these  results  should  be  applicable  is  as  follows.  Recently,  Budiansky  and 
Rice<?  have  proposed  an  inversion  scheme  for  the  crack  which  allows  them  to 
estimate:  i)  the  stress  intensity  factor  for  a  crack,  and  ii)  the 
orientation  of  a  crack,  assuming  that  the  position  of  the  crack  is  known. 

Their  technique  is  based  on  the  same  formulism  which  was  used  to  generate  the 
result  discussed  above.  Hence,  by  using  our  far-field  amplitudes,  one  can 
calculate  the  stress  intensity  factor  and  the  orientation  of  the  crack.  These 
results,  may  then  be  compared  with  the  chosen  orientation  of  the  crack  and  the 
assumed  stress  intensity  factor.  Such  a  comparison  would  show  whether  the 
results  of  Budiansky  and  Rice  are  in  fact  consistent,  and  give  some  idea  of 
the  range  of  validity  of  their  results. 

Inversion  Procedure 

One  of  the  major  problems  in  ultrasonic  applications  to  NDT  is  the 
determination  of  the  flaw  size,  shape,  and  orientation  from  the  scattering 
intensities.  We  have  addressed  this  problem  using  a  simplified  approach  based 
on  the  8orn  approximation.  A  complete  description  of  our  formal  treatment  and 
some  initial  results  are  given  in  Appendix  B.  Salient  features  of  the  Born 
inversion  technique  are  as  follows.  First,  the  approximation  is  easily 
implemented,  involving  only  a  Fourier  transform  of  the  scattering  amplitudes. 
Secondly,  the  technique  is  rigorously  valid  in  the  weak  scattering  limit, 
where  the  material  properties  of  the  flaw  are  only  weakly  different  from  those 
of  the  host  material.  Finally,  the  technique  is  quite  insensitive  to  random 
noise  in  the  scattering  intensities. 

Most  NDT  problems  occur  in  the  strongly  scattering  limit,  where  the 
material  parameters  of  the  flaw  are  quite  different  from  those  of  the  host 
(for  example  a  void).  Since  our  inversion  procedure  is  rigorously  valid  in 
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the  weak  scattering  limit,  it  was  not  a  priori  clear  whether  it  would  be 
useful  for  these  strong  scattering  cases.  Our  approach  is  to  simply  test  the 
inversion  procedure  for  a  wide  range  of  strong  scattering  cases  and  see  how 
well  it  works. 

In  order  to  test  the  inversion  procedure,  we  need  to  know  a  subset  of 
the  scattering  amplitudes  for  a  given  flaw.  The  exact  subset  of  the 
scattering  amplitudes  needed  is  discussed  in  detail  in  Appendix  B.  Generally, 
such  scattering  intensities  are  not  yet  available  from  experiment.  However, 
there  are  currently  available  theoretical  scattering  amplitudes  (both  exact 
and  approximate)  for  several  simple  shapes.  These  shapes  include  the  sphere, 
the  prolate  spheroid  and  the  oblate  spheroid.  In  all  these  cases,  the  problem 
has  been  solved  for  both  the  case  of  the  elastic  inclusion  and  the  cavity.  Our 
program  is,  given  these  theoretically  generated  scattering  amplitudes,  to  test 
the  ability  of  the  inversion  procedure  to  determine  the  size,  shape  and 
orientations  of  these  flaws. 

In  Appendix  B,  we  report  the  result  of  inverting  the  scattering 
amplitudes  for  a  spherical  flaw  (using  the  exact  solutions  for  an  elastic 
inclusion  and  a  void).  The  results  were  surprisingly  good,  indicating  that 
one  could  determine  the  radius  of  the  defect  to  within  about  5%.  This 
indicates  that  the  procedure  will  probably  be  quite  good  for  determining  the 
size  of  the  flaws  On  the  other  hand,  these  results  give  no  indication,  one 
way  or  the  other,  as  to  whether  the  techniques  can  be  used  to  determine  the 
shape  and  orientation  of  the  flaw  since  we  restricted  ourselves  to  spherical 
defects . 

Hence,  the  major  part  of  our  current  effort  and  our  effort  for  the 
last  several  months  has  been  to  test  the  inversion  procedure  for  spheroidal 
defects.  These  tests  should  indicate  to  what  degree  the  approximation  can 
determine  the  shape  and  orientation  of  a  flaw.  To  test  the  procedure,  it  is 
necessary  to  have  good  scattering  amplitudes  for  spheroidally  shaped  defects. 
There  are  both  approximate  and,  recently,  essentially  exact  results  for  ka-  3 
(here  ka  is  the  product  of  the  wave  vector  and  a  characteristic  dimension  of 
the  object).  We  have  attempted  to  obtain  these  results  in  a  form  suitable  for 
evaluating  the  inversion  algorithm. 

First,  there  was  an  attempt  here  to  calculate  numerically  exact 
results  for  the  scattering  amplitudes  of  the  spheroids.  This  work  has  not  yet 
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been  successful.  Since  Varadan  and  Pao^  have  obtained  solutions  for  this 
problem,  we  do  not  expect  to  continue  our  efforts  along  these  lines.  Contact 
has  been  made  with  Varadan  in  order  to  obtain  their  results  in  a  form  suitable 
for  our  needs.  These  results  should  be  available  within  the  next  several 
months. 

As  a  temporary  measure,  we  will  first  use  approximate  results  for  the 
scattering  amplitudes.  The  particular  approximation  we  have  chosen  to 
implement  is  the  extended  quasi-static  approximation  of  Gubernatis.4  A 
computer  program  has  been  written  to  generate  these  approximate  scattering 
amplitudes.  We  are  currently  engaged  in  evaluating  the  inversion  procedure  in 
terms  of  these  approximate  computations.  Preliminary  results  should  be 
available  towards  the  end  of  March,  1978. 
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APPENDIX  A 

QUASI  STATIC  APPROXIMATION  TO  THE  SCATTERING  OF  AN  ARBITRARILY 
INCIDENT  ELASTIC  PLANE  WAVE  BY  AN  ELLIPTICAL  CRACK 

S.  Teitel 

Laboratory  of  Atomic  and  Solid  State  Physics 
Cornell  University,  Ithaca,  NY  14853 

ABSTRACT 

We  extend  the  work  of  a  previous  paper  to  give  a  long  wavelength 
approximation  for  elastic  wave  scattering  by  an  elliptical  flat  crack. 

Explicit  formulas  for  the  far-field  scattered  amplitudes  in  this  approximation 
are  given  for  various  experimental  configurations. 
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In  a  previous  paper!  we  reviewed  the  problem  of  scattering  of  a 
normally  incident  longitudinal  wave  by  a  circular  crack  and  presented  a  new 
quasi -static  approximation  found  to  be  good  in  the  long  wavelength  region.  In 
this  paper  we  extend  this  approximation  to  the  case  of  longitudinal  and 
transverse  waves  at  an  arbitrary  angle  of  incidence  scattered  by  an  elliptical 
crack . 

Modeling  the  crack  as  a  stress  free  surface  of  fixed  shape,  one  can 
express  the  far-field  scattered  amplitudes  in  terms  of  the  vector^ 


where  n£  is  the  outward  normal  of  the  side  S+  of  the  crack,  o»  is  the 
frequency  of  the  incident  wave,  and  and  p  are  the  elastic  tensor  and 

density  of  the  medium.  [u|]  is  the  jump  in  the  |th  component  of  the 
displacement  field  across  the  surface 

[u*]  =  Uj  (r  'e  S+)  -  u4(r'«S-)  '  (2) 

In  terms  of  the  vector  f  the  far-field  amplitude  for  the  longitudinal 
scattered  wave  is 


Ai(r)  =  r ir jf j (a) 

arid  for  the  transverse  scattered  wave  is 


(3) 


Bi(r)  =(5ij-rirj  )fj  ($)  (4) 

where  "a  and  jsfare  the  longitudinal  and  transverse  wave  vectors  corresponding 
tow  and  point  from  the  center  of  the  crack  to  the  point  of  observation. 

For  the  case  of  an  elliptical  crack  lying  in  the  xy  plane  with  major 
axis  along  x  in  a  homogeneous  isotopic  medium, 


Ci  j  k  l  =  ^8ijfcki  +p,(8i|8jk  +  SikSjj)  (5) 

"k  =  83k 
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In  the  static  limit  is  proportional  to  where  T^j  is  the 
stress  tensor  on  the  surface  of  the  crack  in  the  coordinate  system  specified 
above.  The  exact  solution  for  [i^]  in  the  static  case  can  be  obtained  from 
the  work  of  Eshelby^ 

X2  v2  2 

l  ujl  *  (1  '  "  jr  ) 

a  b 


2  .4 


(u2]  =  c2T  23  (1  ‘  1  '  S  } 


a~  b 

2  .2  »j 


[  U3]  =  C3T33  2  '  j?) 

a  b 


(6) 


yk.  k 

where  for  the  ellipse  bonded  by  —k  +  s  1  and  a>b  we  have, 

a  o 


where 


4b  1  -  cr 
W  V 


,  C 


2a 


2  jit?. 


2b 

1 


c,  = 


»?1  =  E(k)  +  -Sj—  (K( k)  -  E( k) ) 


(7) 


,  ,  _EM  ,  _2_  1  E(k)  -  k'2K(k) 

U2  k'  l-o  k'  .2 

k 

k  =  (1  -  b2/a2)i'2  ,  k1  =  b/a  . 


For  a  =  b. 


Here  cr  is  Poisson's  ratio,  m  is  the  shear  modulus,  Y  is  Young's  modulus,  and 
E(k)  and  K(k)  are  the  complete  elliptic  integrals  of  2nd  and  1st  kind 
respectively. 

For  an  incident  wave  vector  kj,  T 23  will  have  the  form 


T23  =  T23ikielk'1  *r 


(8) 
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In  quasi -static  approximation  we  assume  that  at  low  k-j  the 
relations  gi>  by  (6)  are  still  accurate  enough  to  use  in  the  integral  (1). 
Substituting  tH.(8)  into  (6)  and  then  (6)  and  (5)  into  (1)  results  in 

f  ( O  =  -  ifl^-T)  jMC1r13(6ilr3+63r1)  +  ^2T23^i2  23(5 i2r3+$3r2) 

1  4wpuT  (  (9) 

*  c3r33(Xf>2M8j3f3) 

where  I(y)  =  2wab  £  dr  rU-r^)^  j0  (yr  s i ndy Va^cos^,  +  b^sin^  ) 

0  A  % 

3  2irab  "  cos  A)  •  A  =  +  b2yj ‘ )** 

We  now  substitute  this  f  vector  into  (3)  and  (4)  to  get 

A  =  4  ^ki^  jc3r33(X+2pcos20}  +  psin  20  (Cjt  13cosvj  +  c2r23sirv)J  ^ 


3  i 

B  =  -  e0[c3r33sin  2 6  -  cos  20(0^^00$^  +  c2r23sirv)] 


+  e^cos  0(c2t23cos>p  -  CjT13sirv)  j 


Here  the  angles  specify  the  point  of  observation  with  respect  to  the 
coordinate  frame  of  the  crack. 

In  order  to  put  these  formulas  to  use  we  must  now  calculate  ri3  for 
various  experimental  configurations. 

For  an  incident  wave  coming  in  at  polar  angles  0i,v*  with 
respect  to  the  coordinate  frame  of  the  crack  we  consider  the  three 
polarizations  given  by  the  axis  of  the  primed  coordinate  system  shown  in 
Fig.  1.  z'  is  the  direction  of  the  incident  wave,  x1  lies  in  the  plane  of  the 
crack  and  is  orthogonal  to  z',  an  y'  completes  the  right  handed  coordinate 
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Fig.  1  Geometry  of  scattering.  Incident  wave  travels  along  z',  and  is 

polarized  along  x\  y'  or  z\  The  crack  lies  in  xy  plane  with  fl 

major  axis  along  x.  Scattered  field  is  given  as  a  function  of 
spherical  angles  with  respect  to  the  unprimed  coordinate  system. 
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We  consider  the  three  cases: 

1)  Longitudinal  incident  wave  polarized  along  z*. 

For  an  incident  displacement  field  of  unit  amplitude, 

"u0  =  z'  eiki2' 

we  have 

t13  =  Msin  26\  cos 

r23  *  Msin  26]  sin 

r33  s  A+  2m  cos^  (12 

2)  Transverse  incident  wave  polarized  in  plane  of  crack  along  x'. 

For  "u0  =  x'  e’^i2'  we  have 

t13  3  mcos  6]  sin  <fi]  (13 

t23  *  -  mcos  9 i  cos 
r33  *  0 

3)  Transverse  incident  wave  polarized  out  of  plane  of  crack  along  y' . 

For  u0  =  y'  e’^i2'  we  have 
r13  =  mcos  26]  cos  V] 
r23  =  mcos  26  j  sin  ^ 

r33  =  -  MSin  26  ]  (14 

It  is  now  up  the  the  experimentalist  to  specify  the  experimental 
configuration,  choose  from  Eqs.(12),  (13)  or  (14)  the  values  of  ^3 
appropriate  for  it,  and  substitute  them  into  Eqs.(10)  and  (11)  to  completely 
determine  the  far-field  amplitudes  in  the  quasi-static  approximation. 
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ABSTRACT 


We  give  a  procedure  for  approximately  determining  the  size  and  shape 
of  a  flaw  in  an  elastic  medium  from  ultrasonic  scattering  amplitudes.  The 
inversion  procedure  is  rigorously  valid  for  the  case  of  weakly  scattering 
flaws.  We  report  preliminary  tests  of  the  technique  for  strongly  scattering 
flaws  and  include  the  effects  of  noise  in  the  scattering  data.  These 
preliminary  tests  indicate  that  the  inversion  procedure  will  be  a  useful  tool 
for  measuring  the  size  and  shape  of  flaws  in  many  different  experimental 
circumstances.  In  the  report  we  discuss  the  required  experimental 
measurements  needed  to  determine  the  flaw's  size  and  shape;  and  consider  the 
application  of  the  technique  to  non-destructive  testing. 
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Introduction 

The  determination  of  the  size  and  shape  of  flaws  from  ultrasonic 
scattering  data  is  an  important  part  of  the  current  effort  to  develop 
non-destructive  testing  (NOT)  techniques.  The  Born  approximation  for 
ultrasonic  scattering  has  recently  been  extensively  developed. 1»2  in  this 
approximation,  the  scattering  amplitudes  are  proportional ,  within  a  known 
angular  factor,  to  the  Fourier  transform  of  the  region  occupied  by  the  flaw. 

It  has  been  generally  recognized  that  this  relation  could  be  used  as  the  basis 
of  an  inversion  technique.  This  report  details  the  inverse  Born  procedure  for 
measuring  the  size  and  shape  of  a  general  flaw.  Rigorous  results  are  obtained 
for  weakly  scattering  flaws.  In  order  to  test  the  inversion  procedure  for 
strongly  scattering  flaws,  the  exact  numerical  scattering  amplitudes  for 
several  realistic  spherical  flaws2.3,4  were  used.  These  spherical  flaws 
included  the  case  of  a  void  in  Ti,  and  an  A1  inclusion  in  Ti.  Strikingly 
successful  results  were  obtained,  both  when  we  used  the  exact  noise-free 
scattering  amplitudes,  and  when  we  simulated  noisy  scattering  data.  These 
numerical  experiments  indicate  that  the  inverse  Born  approximation  may  yield 
accurate  determinations  for  the  size  and  shape  of  flaws  for  a  wide  variety  of 
circumstances . 

The  structure  of  this  report  is  as  follows.  In  Section  2  we 
formulate  the  inversion  technique  in  detail  for  the  case  of  longitudinal  to 
longitudinal  scattering  (l—  L).  In  Section  3  we  discuss  the  experimental 
measurements  necessary  to  carry  out  the  inversion.  Section  4  treats  as  an 
example  the  inversion  of  the  scattering  amplitudes  for  strongly  scattering 
spherical  flaws.  The  effect  of  noisy  data  on  the  inversion  procedure  is 
discussed  in  Section  5.  Our  results  are  summarized  and  discussed  in  Section 
6.  An  appendix  contains  the  relevant  formulas  for  an  inversion  procedure 
based  on  longitudinal  to  transverse  (L— T),  transverse  to  transverse  (T  — T), 
or  transverse  to  longitudinal  (T  —  L)  scattering. 

The  Inverse  Born  Procedure 

In  an  ultrasonic  scattering  experiment,  the  scattered  waves  far  from 
the  flaw  can  be  written  as: 
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ITS(0 


A(r°,rS,y) 


eiar 

r 


+  B(r°,rs,y) 


ei  fir 
r 


(2.1 


Here  the  scattering  amplitudes  A  and  B  are  vector  quantities  whose  directions 
denote  the  polarization  of  the  scattered  waves.  In  particular,  X  is  the 
amplitude  of  the  longitudinal  component  and  points  along  the  scattering 
direction,  ?s.  B  denotes  the  transverse  component  and  points  normal  to  the 
scattering  direction.  The  magnitude  of  the  wave  vectors  of  the  various  waves 
is  given  as  a  for  the  longitudinal  scattered  component,  as /3  for  the 
transverse  component,  and  as  y  for  the  incident  wave.  Generally,  A  and  B  are 
measured  as  functions  of  the  incident  direction,  r°,  the  scattering 
direction,  rs,  and  the  wave  vector  magnitudes  a,  (3 ,  and  y.  The  Born 
approximation  allows  us  to  calculate  A  and  X  in  a  particularly  simple  manner 
for  an  incident  plane  wave.  The  resulting  A  and  "B  are  simply  related  to  the 
Fourier  transform  of  the  shape  of  the  flaw.  The  inverse  Born  procedure  then 
uses  an  inverse  Fourier  transform  to  yield  the  size  and  shape  of  the  flaw. 

In  order  to  make  the  inversion  procedure  explicit  we  consider  the 
case  of  an  incident  longitudinal  wave  the  the  cross-section  for  longitudinal 
scattering  (L—  L).  For  this  case,  the  Born  approximation  for  the  scattering 
amplitude  is 

A(rs,r°,a)  -  X(rs ,?° ,a)  * 


=  a 


dp  a 

f  cos  6 


5X*WCg2g} Y(r'  )eia(?°-?S) ' ? 


(2.; 


The  mass  and  Lame  parameters  of  the  host  material  are  denoted  by  P,  x  and  p-, 
respectively.  The  quantities  5p=  Pf  _  p,  5y=  Xf  -  a,  and  5p  =  Pf  -p 
denote  the  differences  between  the  material  parameters  of  the  flaw  (these  are 
denoted  by  subscript  f)  and  the  host  material.  The  angle  between  the  incident 
beam  direction  and  the  scattering  direction  is  given  by  0 ;  also,  a  is  the  wave 
vector  magnitude  of  a  longitudinal  wave  in  the  host  material.  Finally,  y(r) 
is  the  character istic  function  of  the  flaw.  That  is,  y(r)  =  1  for  T  inside 
the  flaw,  and  y(T)  =  0  for  T  outside  the  flaw.  The  expression  for  the 
scattering  amplitude  A  separates  into  a  product  of  three  terms  within  the  Born 
approximation.  The  first  term  is  <*2.  The  second  term  is  given  by 
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G(0)  =  cos  6 


8  A  +  25m  cos  6 
K  +  2M 


(2.3) 


and  depends  only  on  0  for  a  given  set  of  material  parameters.  The  third  term 
is  the  shape  factor  of  the  flaw,  and  is  given  by 


S(k)  =  |  d3r'ei<  r'y(y.) 


(2.4) 


Here  the  change  in  wave  vector  between  the  incoming  and  outgoing  wave  is 
denoted  by  =  <*(r0  -  rs).  Equation  (2.2)  can  now  be  rewritten  as: 


sen  - 


A(r$,ro,a) 


~~  COS  0  -  p  9] 


(2.5) 


Using  Eq .(2.5),  the  shape  factor,  S(«)  can  be  inferred  from  a  measurement  of 
the  scattering  amplitude  A«x  (here  the  superscript  ex  is  used  to  indicate 
that  Pfix  is  an  experimental ly  measured  quantity).  Equation  (2.5)  as  written 
appears  to  require  the  measurement  of  A^x  (r°,rs,a)  for  all  incident 
directions,  all  scattering  directions  and  all  wave  vectors  a.  Fortunately, 
only  a  much  smaller  subset  of  the  scattering  amplitude  need  be  measured  in 
order  to  determine  (S(k');  this  results  since  many  different  scattering  events 
have  the  same  wave  vector  transfer  T.  In  the  next  section  we  will  discuss 
what  set  of  measurements  are  needed  to  determine  SU).  It  turns  out  that  S 
can  be  determined  from  several  different  experimental  measurements.  Assuming 
for  the  moment  that  we  have  determined  S(<)  from  one  of  the  set  of 
measurements  to  be  discussed,  then  the  inverse  Fourier  transform  of  S(,c)  yields 


y(7)  =  ( 


(2.6) 


The  determination  of  the  size  and  shape  of  a  flaw  from  Eqs.(2.5)  and  (2.6)  is 
rigorously  valid  in  the  weak  scattering  limit.  For  strongly  scattering  flaws 
only  an  approximate  determination  of  the  size  and  shape  can  be  obtained  due  to 
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the  approximate  nature  of  the  Born  results  (which  for  example  fails  to  yield 
the  exact  scattering  amplitude  in  the  static  limit  for  a  general  flaw). 
However,  this  approximate  inversion  is  still  expected  to  yield  rather  good 
results  for  both  size  and  shape;  since,  the  Born  approximation  yields  good 
results  for  the  part  of  the  scattering  spectrum  which  determine  the  gross 
feature  of  y(r).  The  relevant  part  of  the  spectrum  is  the  backscattering 
regime  for  ka  =&  1.  In  Section  4,  we  test  the  inversion  procedure  for  several 
flaws  of  various  scattering  strengths,  including  a  void.  There  we  use  the 
exact  numerical  solutions  for  the  L— ■  L  scattering  amplitudes  of  a  spherical 
elastic  inclusion  and  a  spherical  void,  as  artificial  scattering  data.  This 
artificial  scattering  data  is  used  to  determine  S( *•)  and  then  y(r). 
Surprisingly  good  results  are  obtained  for  strongly  scattering  flaws,  even  the 
void. 

Methods  for  Determining  the  Shape  Factor  from  the  Measured  Scattering 
Amplitudes 

The  shape  factor,  $(k),  depends  only  on  the  wave  vector  transfer 
=  «(r°  -  fS).  There  are  many  scattering  events  which  have  the  same 
and  hence  can  be  used  to  determine  S(<)  for  that  value  of  IT.  The 
experimentalist  need  only  measure  some  subset  of  the  scattering  amplitude 
Aex(r°,rs,a) ,  such  that  S{<)  is  uniquely  defined  for  all  T  by  that 
subset.  Two  different  criteria  suggest  themselves  in  choosing  the  set  of 
measurements  to  be  made.  First,  we  would  like  to  determine  the  subset  which 
would  yield  the  best  determination  of  the  flaw's  size  and  shape.  On  the  other 
hand,  it  may  be  that  some  other  determination  of  S(<)  may  be  of  greater 
experimental  ease.  Below  we  will  first  deal  with  the  question  of  the  optimum 
set  of  data  for  the  purposes  of  inversion.  Then  we  will  comment  on  some  of 
the  features  of  the  problem  which  may  have  implications  for  the  experimental 
collection  of  data.  We  note  here  that  Bleistein  and  Bajorski^  have  treated 
the  inverse  problem  for  scalar  waves  using  a  Kirchoff-1 ike,  high  frequency, 
approximation.  They  find  a  proportionality  between  the  shape  factor  and  the 
scattering  amplitudes  as  in  the  inverse  Born  procedure.  In  their  work  they 
discussed  many  of  the  geometrical  ideas  which  are  used  below  to  choose  the 
various  subsets  of  A  which  determins  S(*-). 
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For  long  wavelength  backscatter ing  {0  =  180°),  the  Born 
approximation  generally  yields  relatively  good  values  for  the  scattering 
amplitude;  for  forward  scattering  {6=  0°),  the  Born  approximation  fails 
badly.  In  order  to  optimize  the  data  inversion,  a  reasonable  choice  of 
Aex(r°,rs,«)  would  be  that  subset  which  is  best  predicted  in  the  Born 
approximation.  We  choose  direct  backscatter.  If  the  backscattered  amplitude 
is  measured  for  all  different  incidents  directions,  and  all  frequencies,  then 
the  shape  factor  is  completely  determined,  in  principle.  To  see  this,  we  note 
that  for  backscattering  =  a(r°-rs)  =  2ors  since  rs  =  _r° .  If  we 
thenallow  a  to  vary  from  zero  to  infinity  and  allow  r°  to  point  in  all 
directions,  we  completely  determing  S(r),  which  for  this  case  is  given  by 


-  A(r  -  r  a) 

S(<)  =  const  - ^ — 5-^ — 


(3.1) 


Once  S{<)  is  determined,  we  obtain  the  size  and  shape  of  the  flaw  by  an 
inverse  Fourier  transform  (Eq.(2.6)). 

There  are  other  possible  ways  of  determining  S(*)-  Some  of  these 
techniques  may  be  of  greater  experimental  ease  than  the  backscattering  method 
suggested  above.  First,  we  consider  what  data  may  be  collected  from  a  single 
transmitting  transducer,  when  the  scattering  amplitude  is  measured  at  all 
angles.  For  a  single  value  of  the  incident  wave  vector  amplitude,  a,  these 
measurements  determine  a  spherical  shell  of  values  for  S(r )  in  T  space.  The 
relevant  geometric  considerations  are  shown  in  Fig.  3.1.  By  varying  a  from 
zero  to  infinity  we  sweep  out  the  entire  right  half-space  of  T  space  as  shown 
in  the  figure.  If  the  flaw  has  a  known  symmetry  we  may  be  able  to  infer  a  set 
of  values  for  S(^  )  in  the  left  half-space.  If  there  is  no  such  symmetry,  we 
must  also  measure  Aex  for  this  region  in  the  T  jpace.  The  most 
straightforward  choice  would  be  to  put  a  second  tran.  itter  at  0  =  180° 

(i.e.  irradiate  the  flaw  from  the  opposite  direction).  This  suffices  to 
determine  S(-’}  for  all 

Perhaps  the  most  intersting  case  from  the  point  of  view  of  NOT  is  the 
situation  where  there  is  only  a  limited  aperture  in  T-space.  As  when,  for 
example,  one  only  has  access  to  one  surface  of  a  wing  section.  The  limitation 
in  r-'pace  measurements,  reflects  itself  by  limiting  the  region  in  ."""-space 
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Figure  3.1  In  this  figure  a  longitudinal  ultrasonic  wave  is  incident  from 
the  left  along  the  z-axis.  The  spherical  shell  shows  those 
values  in  K-space  for  which  S (g)  nay  be  measured  for  a  gi  ven 
value  of  a,  the  incident  wavovector  magnitude. 
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which  can  be  measured.  We  will  not  comment  substantially  on  this  problem  in 
this  report.  We  note  that  it  requires  further  study. 

To  summarize  this  section,  we  have  discussed  a  method  involving  only 
the  backscattered  amplitudes  to  determine  the  size  and  shape  of  the  flaw.  We 
expect  this  procedure  to  be  the  optimum  one  for  our  technique.  We  further 
indicated  briefly  what  data  could  be  determined  from  a  single  transmitting 
transducer,  when  the  scattering  amplitudes  are  measured  at  all  angles. 

Finally,  we  showed  that  irradiating  the  flaw  from  opposite  directions  and 
measuring  the  scattering  amplitudes  at  all  angles  and  all  frequencies  sufficed 
to  determine  the  shape  factor. 

Applications  of  the  Inverse  Born  Procedure 

In  this  section  we  test  the  utility  of  the  inverse  Born  procedure. 
There  are  several  realistic  ultrasonic  scattering  problems  for  which  accurate 
numerical  calculations  are  available.  Among  these  solved  problems  are  the 
scattering  of  ultrasound  from  spherical  voids  and  spherical  elastic 
inclusions.  To  test  the  inversion  procedure,  we  use  these  "exact  solutions" 
as  a  "data  base"  for  the  scattering  amplitudes  A(rO,fs,«)  required  by  the 
approximate  inverse  Born  procedure.  Below  we  calculate  thus  the 
characteristic  function  y(r’)  for  the  three  different  cases.  These  are  a 
spherical  void  in  Ti,  an  A1  inclusion  in  Ti  and  finally,  the  case  of  a  weakly 
scattering  elastic  inclusion  in  Ti  (here  the  material  parameters  of  the 
inclusion  differ  by  ~1%  from  those  of  Ti). 

Next  we  discuss  specifically  how  the  inversion  was  performed.  Then 
the  results  of  the  inversion  are  presented  in  graphical  form.  Finally,  we 
discuss  the  results  briefly. 

As  discussed  in  Section  3,  it  is  necessary  to  select  from  the 
scattering  data  A(r°, a  subset  which  defines  S(£)  for  all  7-  We 
choose  to  use  the  first  procedure  discussion  in  Section  3,  namely  to  use  only 
direct  backscattering  data  where  the  incident  direction  is  varied  over  all 
possible  orientations  with  respect  to  the  scatterer.  For  a  spherical  flaw, 
the  scattering  amplitude.  A,  is  independent  of  the  incident  direction.  Since 
S(^)  is  related  by  A  by  means  of  Eq .(3.1),  it  follows  that  S(.)  is  independent 
of  the  direction  of  ■T’  and  depends  only  on  the  magnitude  of  the  wave  vector 
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transfer,  |T|  which  for  the  case  of  backscattering  is  given  by  ITI  »  2a. 
Using  these  results  we  can  rewrite  Eq .(3.1)  as: 


The  calculation  yields  the  result  that  y(r)  is  also  spherically  symmetric  and 
depends  only  on  the  radial  coordinate  r.  In  order  to  obtain  y(r)  from 
Eq .(4.1)  we  substitute  in  our  calculated  values  for  A  and  integrate 
numerically  up  to  some  maximum  value  of  a,amax.  Here,  we  note  a  couple  of 
technical  points.  First,  the  cutoff  atamax  causes  our  results  to  contain 
characteristic  ringing  frequencies,  but  introduces  no  difficulties  in  the 
interpretation  of  the  results. 

Secondly,  the  scattering  amplitudes  are  in  general  complex.  As  will 
be  discussed  in  detail  in  a  later  report,  this  leads  to  a  small  imaginary  part 
in  y(r ) .  The  complex  part  of  y(r)  is  unphysical,  and  results  from  the 
approximate  nature  of  our  inversion  procedure.  In  the  graphs,  we  have  plotted 
|7(r)| .  Alternatively,  we  could  have  used  only  the  real  part  of  A  in  Eq .(4.1) 
and  thus  obtained  a  real  y(r).  Both  procedures  yield  essentially  the  same 
result  for  these  calculations. 

Figure  4.1  shows  the  calculated  y(r)  for  a  spherical  void  in  Ti.  For 
purposes  of  comparison,  we  have  compared  the  radial  part  of  y(r)  with  the 
characteristic  functionof  a  sphere  (namely  6  -  1  if  r  is  less  than  the  radius 
while  6  =  0  if  r  is  greater  than  the  radius).  As  can  be  seen,  the  calculated 
characteristic  function  does  a  good  job  of  indicating  clearly  the  presence  of 
a  flaw  for  r  <  a,  and  the  absence  of  scattering  r  >  a.  We  feel  these  results 
for  the  void  are  very  supportive  of  the  possible  utility  of  the  inverse  Born 
approximation  for  determining  the  size  and  shapes  of  flaws.  First  of  all,  the 
void  is  an  extremely  strong  scattering  situation  where  we  would  expect  the 
Born  procedure  to  be  at  its  worst.  Hence,  good  success  for  this  case 
indicates  that  the  procedure  may  have  a  very  wide  range  of  valid  .y.  Further, 
there  is  nothing  in  our  general  procedure  which  presupposes  or  predicated 
on  the  geometry  of  the  sphere.  Hence,  we  feel  that  the  inverse  Born  procedure 
will  likely  work  for  more  complicated  shapes.  Of  course,  this  point  needs 
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verification,  either  with  experimental  scattering  data  from  flaws  of  known 
size  and  geometry,  or  from  accurate  numerical  calculations  of  the  scattering 
amplitudes  for  more  complicated  shapes. 

Figures  4.2  and  4.3  show  similar  results  for  y(r)  in  the  case  of  an 
elastic  inclusion.  Figure  4.2  presents  the  results  for  an  A1  sphere  in  Ti  and 
Fig.  4.3  shows  the  case  of  a  weakly  scattering  inclusion  in  Ti.  As  expected 
from  the  results  for  the  void,  these  cases  also  yield  an  extremely  well 
defined  scattering  center.  We  define  the  surface  of  the  flaw  as  that  point 
where  y(r)  has  one-half  of  its  value  in  the  plateau  region  interior  to  the 
flaw.  Table  4.1  then  shows  the  calculated  radii  as  compared  to  the  actual 
radii . 


Table  4.1 


Ratio  of  Calculated  Sphere  Radii  to  actual  Values 


Flaw 

Ratio 

Void  in  Ti 

1.01 

A1  in  Ti 

0.90 

Weak  Scatterer  in  Ti 

0.96 

The  wiggles  in  the  plateau  region  are  the  result  of  the  extremely  sharp  fall 
off  in  y(r)  and  the  truncation  of  our  integration  atamax  as  mentioned  above. 

The  Effects  of  Noise  on  the  Inversion  Procedure 

In  Section  4  we  reported  several  numerical  tests  of  the  inverse  Born 
procedure  using  the  "exact  solutions"  for  various  spherical  voids  and 
inclusions.  These  tests  were  unrealistic  in  that  our  data  base  was 
essentially  noise  free.  This  is  a  considerable  idealization  of  the  current 
state  of  the  art  for  many  ultrasonic  scattering  experiments.  In  this  section 
we  discuss  the  effects  of  noise  in  degrading  the  inversion  procedure.  The 
ideal  way  to  test  the  procedure  would  be  to  use  real  experimental  data. 

Dr.  8.  Tittmann  has  agreed  to  provide  us  with  backscattering  data  from  a 
spherical  void  (and  a  tungsten  carbide  sphere)  in  Ti.  These  data  were  not  at 
hand  before  this  report  was  written,  so  we  present  the  results  of  a 
preliminary  study  in  which  our  "exact  data  base"  was  mixed  with  a  random 
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signal  component  in  order  to  mimic  random  noise.  These  preliminary  studies 
indicate  that  the  inversion  procedure  is  surprisingly  insensitive  to  random 
errors  in  the  data  as  we  ill  be  discussed  below.  In  the  future  we  intend  to 
present  a  more  complete  report  in  which  the  results  for  the  inversion  of 
experimental  data  are  presented,  and  in  which  a  detailed  explanation  will  be 
given  for  the  insensitivity  of  the  procedure  to  random  noise. 

In  order  to  simulate  noise  in  our  data  base,  we  used  a  random  number 
generator  to  introduce  a  noise  component  in  the  signal  using  the  following 
formula 

^noisy (^0’“^0’a)  =  1  +  S^3  Aexac^(rg,-r0,a)  (5.1) 

Here  /3  is  a  Gaussian  random  number  with  a  standard  deviation  on  one.  A 
different  random  value  is  introduced  for  each  value  of  A  in  our  data  set.  A 
is  calculated  on  a  discrete  mesh  whose  spacing  Aa»  0.1/ao,  and  a0  is  the 
radius  of  the  sphere.  Finally,  5  is  a  parameter  which  controls  the  ratio  of 
the  initial  exact  values  of  A,  and  the  randomly  introduced  signal. 

The  results  obtained  are  illustrated  in  the  case  of  the  void  in  Ti. 

In  Fig.  5.1,  we  show  the  results  for  y(r)  of  the  void  when  a  quite  large  noise 
component  (here  5  is  0.5)  is  included.  The  effect  of  the  noise  was  to  cause 
some  increased  scatter  in  the  results.  However,  the  presence  of  the  edge  for 
r  %  a0  is  still  quite  distinct.  In  a  set  of  five  runs  using  different 
random  numbers  (to  simulate  different  experimental  runs),  we  found  that  the 
calculated  radius  was  constant  to  within  a  few  percent.  We  emphasize  that 
these  results  were  obtained  from  a  quite  noisy  signal.  The  condition, 

5  =  0.5,  means  that  for  a  given  value  of  A,  the  random  error  is  on  the  order 
of  50*. 

In  concluding,  the  sections  on  numerical  tests  of  the  inverse  Born 
procedure,  we  would  like  to  say  that  results  for  the  spherical  problems  have 
provided  an  extremely  promising  initial  test  of  the  technique.  We  feel  that 
such  successful  agreement  for  these  preliminary  trials  fully  justifies  an 
attempt  to  invert  data  for  more  complicated  flaws  and  more  realistic  NDT 
situations . 
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tion  of  the  characteristic  function,  Y(r),  of  a  spherical  void 
in  Ti .  Here  we  have  included  a  random  signal  component  in  our 
scattering  amplitude  data  base.  The  random  component  is  on  the 


average  50%  of  the  exact  signal. 
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Discussion  and  Summary 

The  determination  of  the  size  and  shape  of  a  flaw  via  the  inverse 
Born  approximation  has  been  discussed  for  the  case  of  L  —  L  scattering,  the 
procedure  is  rigorously  valid  for  the  case  of  weakly  scattering  flaws.  The 
solutions  for  scattering  from  a  spherical  void  in  Ti  (and  an  A1  inclusion  in 
Ti)  were  used  to  calibrate  the  inversion  procedure.  These  tests  indicate  that 
the  size  of  these  spherical  flaws  can  easily  be  determined  to  within  10X. 

These  preliminary  studies  for  strongly  scattering  flaws  are  considered  to  be 
highly  encouraging.  However,  there  are  still  several  questions  which  must  be 
answered  before  the  inverse  Born  procedure  can  be  considered  to  be  an 
established  tool. 

The  first  question  concerns  irregular  flaws.  The  inversion  procedure 
works  well  for  strongly  scattering  spherical  flaws.  Can  it  be  used  to 
establish  the  shape  of  non-spherical  flaws  which  are  strongly  scattering?  We 
feel  that  this  question  should  be  addressed  either  by  experimental 
measurement,  or  the  theoretical  calculation  of  the  backscattered  amplitudes 
for  more  complicated  shapes  than  the  sphere.  As  regards  theoretical 
approaches  to  backscattering  data,  we  feel  that  it  would  be  desirable  to  test 
the  technique  against  essentially  exact  data.  If  approximate  calculations 
were  use  for  data,  one  would  not  know  whether  to  attribute  the  failure  or 
success  of  the  inversion  procedure  to  the  inversion  process  per  se,  or  to  the 
particular  approximation  used  to  generate  the  approximate  scattering  data. 

For  example,  the  inversion  procddure  will  work  remarkably  well  if  the 
scattering  amplitudes  are  generated  using  the  Born  approximation.  The 
detailed  calculation  of  Varadan  and  Pao^  may  be  of  interest  as  calibration 
tools. 

A  second  and  perhaps  more  difficult  class  of  questions  is  as 
follows.  What  is  the  effect  of  a  limited  viewing  aperture  on  the  inversion 
procedure?  To  what  degree  can  the  shape  of  an  object  be  determined  from  data 
collected  over  a  limited  aperture?  If  for  a  given  aperture,  the  shape  of  a 
flaw  cannot  be  determined,  what  can  be  said  al  .  the  average  size  of  the 
flaw,  or  the  presence  of  regions  of  v,igh  stress?  These  questions  are  quite 
complex,  and  we  feel  that  answers  to  them  will  require  sizable  amounts  of 
effort  by  many  different  groups.  In  this  context,  the  reports  of  Lewis,? 
Bojarski.5  Perry,8  and  Bleistein^.S  may  be  of  interest. 
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We  conclude  this  report  with  a  summary.  The  Born  approximation  was 
used  as  the  basis  for  an  inversion  procedure  for  ultrasonic  scattering  data. 
Rigorous  results  for  the  size  and  shape  of  weakly  scattering  flaws  were 
obtained.  Very  encouraging  results  were  obtained  for  the  size  and  shape  of 
strongly  scattering  spherical  flaws.  Work  is  currently  in  progress  concerning 
the  problems  of:  (1)  The  effect  of  noisy  data  on  the  determination  of  flaw 
size  and  shape;  (2)  The  evaluation  of  the  inversion  procedure  for  strongly 
scattering  flaws  whose  shape  is  other  than  spherical;  and  (3)  The  effects  of 
limited  aperature  on  the  inversion  technique. 
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APPENDIX  1 

In  the  main  body  of  this  report,  we  used  the  result  that  the  shape 
factor,  S(k),  can  be  determined  from  the  L  — L  scattering  amplitudes  within 
the  Born  approximation.  Similar  results  hold  tor  T —  T,  L  —  T,  and  T —  L 
scattering.  These  formulas  are  listed  below.  We  note  that  L  —  T,  and  T— •  L 
scattering  amplitudes  are  identically  zero  on  the  backscattering  directions 
for  reasons  of  symmetry.  Since  this  is  the  direction  for  which  the  Born 
approximation  is  expected  to  yield  its  best  results,  it  appears  likely  that 
best  results  for  the  inversion  procedure  will  be  obtained  from  L  —  L  and  T  —  T 
scattering. 

We  first  consider  T  — T  scattering  using  an  incident  right  hand 
circularly  polarized  incident  wave.  There  are  two  values  for  the  shape  factor 
corresponding  to  the  two  different  polarization  direction  of  the  scattered 
wave. 


\  4n-  B-x+  e_i^ 


47tB-x  e 


,  _  1  _ ? 

(  8P  (1  +  cos  9  )  §M  (cos  9  +  COS  9  )} 


^  8P  (cos  9  -1)  ,  5/*  (Cos  9  -  c5?  } 

T  1  fi  2 


( A.  1 ) 


Here  x+  =  (i-  [9  +  i-P)  and  x-  =  *s(0  -  i'fi)  where  9  and  are  unit  vectors 
V2  _ 

in  the  9  and  *  directions.  The  wave  vector  transfer  is  given  by  ic  3 

^(fo-f-s).  The  vector  B  =  B(r°,rs,/3)  gives  the  scattering  amplitude. 

Finally  )3  is  the  magnitude  of  the  wave  vector  for  transverse  waves,  as  a  is 

for  longitudinal  waves. 

For  L  — ■  T  scattering  we  obtain 

.  4m  B  rs  ,  1 
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Here  iT  =  (<*r0  =/3rs)  and  is  an  arbitrary  unit  vector  such  as  <p  in  the 
plane  perpendicular  to  the  scattering  director. 

For  T  —  L  scattering  assuming  a  right-hand  polarized  incoming  wave, 
the  formula  for  S(kt)  is  given  by 


s a  ‘  MXfS>e'V 
Here  <=  (0r°  -  ars) . 


sin  26 


(A. 
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PROJECT  I,  UNIT  B,  TASK  1 

RECOVERY  OF  SCATTERING  INFORMATION  IN  REAL  GEOMETRIES 

Laszlo  Adler 
Department  of  Physics 
The  University  of  Tennessee 
Knoxville,  Tennessee  3  916 


Introduction 

During  the  past  six  months  a  number  of  items  of  interest  have  been 
pursued.  These  include  the  improvement  of  our  experimental  system,  data 
acquisition  and  transfer  to  Adaptronics,  an  application  of  Keller's 
geometrical  theory,  and  an  analysis  of  phase  data  obtained  from  spherical 
cavities.  These  are  discussed  below. 


Improved  Experimental  System. 

'  e  new  system  uses  a  minicomputer  with  a  plotter  to  collect  data 
from  a  crystal  controlled  sampling  unit  and  perform  on-line  Fast  Fourier 
Transform  analysis,  obtaining  both  amplitude  and  phase  spectra  from  a  given 
scattering  center.  The  system  also  has  the  c^ability  for  permanent  data 
storage  and  transfer  of  the  data  to  other  systems  (Adaptronics).  We  have  also 
begun  to  use  a  new  wide  band  Panametric  transducer.  The  amplitude  transfer 
function  is  shown  on  Fig.  1  obtained  by  the  new  system. 

Providing  L-L  and  L-S  Data  to  Adaptronics. 

In  order  to  provide  Adaptronics  with  test  data  to  determine  size  and 
orientation  of  oblate  spheroidal  cavities--based  on  Born  approximation--we 
have  precalculated  the  various  polar  and  azimuthal  angles  one  needs  in  the 
laboratory  coordinate  system  which  correspond  to  a  complete  cone  about  the 
defect.  For  the  200  x  800  oblate  spheroidal  cavity  we  rave  completed  tne  data 
for  four  different  orientations  using  incident  L  waves  a  j  recorded  bott 
scattered  L  and  S  waves.  The  data  are  on  magnetic  tape  and  were  senr  „o 
Adaptronics  for  evaluation. 


lication  of  Keller's  Geometrical  Theory  of  Diffraction  t~ 


Previously  we  introduced  the  use  of  the  acoustical  \  ,  tneor 
to  study  L-L  scattering  from  planar  defects.  By  way  of  getting  ,ou  of  the 
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"Seismic  Project"  we  have  found  Maue's  result  to  the  semi-infinite  plane  for 
elastic  waves.  Assuming  that  an  incident  L  ray  will  produce  cones  of 
diffracted  L  and  diffracted  S  rays  (see  Fig.  2),  we  have  derived  expressions 
for  the  far  field  diffracted  field.  For  a  circular  planar  flaw  in  solid  the 
diffracted  L  field  is  given  by: 


uk  =  jr  s{n^Sf/2  I  [cos(kasind>)f  P(-ksin<f>)]  +  P(ksind>)sin(kasin<i>)] 

-  i[P(-ksin<i>)sin(kasind>)  +  P(ksin<6)cos(kasind>)] } 

2 

uK  =  s'inS"^ .  i  [Q(Ksind>)sin(Kasind>)  -  Q(-Ksin<I>)cos(Kasin<f>)] 

d 

+  i[Q(-Ksin<£)sin(Kasin<£)  -  Q(Ks  ind>)cos  (Kasi  nrf>)]  |  , 


where  k  and  K  are  the  L  and  S  wave  numbers,  a  is  the  radius  of  the  flaw,<f>  is 
the  diffracted  angle,  P  and  Q  are  known  functions.  Equation  1  was  programmed 
and  compared  to  the  experimental  data  in  Fig.  3. 

It  should  be  mentioned  that  future  experimental  data  will  be 
compared  to  geometrical  theory  developed  by  Achenbach  which,  in  addition  to 
diffracted  l  and  S  rays,  considers  surface  rays  also. 

Phase  Analysis  from  Spherical  Cavities. 
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Fig.  2  Schematic  diagram  for  diffracted  ray  formation 
at  an  edge. 
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PROJECT  I,  UNIT  B,  TASK  2 

ULTRASONIC  SmMPLES 
N.E.  Paton 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


introduction 

The  objective  of  this  task  is  to  provide  specific  types  of  internal 
defects  to  be  used  as  ultrasonic  reference  standards.  In  the  program  to  date, 
numerous  types  of  internal  defects  have  been  produced  in  titanium  alloys  with 
the  defects  being  known  geometric  shapes  such  as  spheres,  prolate  and  oblate 
spheroids,  disks  and  so  forth. 

The  production  of  internal  defects  in  titanium  and  titanium  alloys 
has  been  fairly  well  understood  for  some  time  now  based  on  the  work  of  various 
investigations,  and  in  the  program  so  far,  a  total  of  67  ultrasonic  reference 
standards  have  been  produced,  with  over  half  of  them  being  fabricated  by  a 
diffusion  bonding  method  described  in  an  earlier  report. (1) 

In  the  current  program  it  is  planned  to  continue  to  use  these 
established  methods  to  fabricate  some  additional  defects  with  somewhat  more 
unusual  defect  geometries  to  further  test  the  validity  of  new  developments  in 
ultrasonic  characterization.  In  addition,  it  is  planned  to  make  a  small 
number  of  ceramic  samples  containing  internal  voids,  to  test  the  methods  that 
have  been  proposed  for  diffusion  bonding  of  ceramic  materials  based  on  earlier 
work  at  the  Science  Center  on  metals. (^) 

Program  Plans 

Titanium  Samples.  Spherical  samples  containing  various  sizes  and 
shapes  of  internal  voids  have  been  produced  previously  to  characterize 
scattering  from  voids.  Plans  for  this  year  call  for  producing  a  series  of 
samples  containing  a  similar  range  of  sizes  and  shapes  of  defect,  but  instead 
of  the  defect  being  a  void,  samples  will  contain  inclusions  having  an  acoustic 
impedance  both  higher  and  lower  than  the  host  material.  The  material  of  the 
inclusion  will  be  either  aluminum  (for  an  acoustic  impedance  less  than 
titanium)  or  tungsten,  (for  an  acoustic  impedance  greater  than  titanium).  In 


SC595.32SA 


addition  to  these  samples  containing  inclusions,  a  few  samples  will  be 
produced  containing  crack-like  defects.  These  defects  will  simulate  a  crack, 
acoustically,  and  will  be  formed  by  placing  a  thin  layer  of  yttria  powder  over 
a  controlled  area  of  the  bond  interface  before  diffusion  bonding.  Explicit 
details  of  the  samples  to  be  produced  are  contained  in  Table  I. 

In  addition  to  the  spherical  samples,  some  four  inch  diameter  by  one 
inch  high  ultrasonic  samples  will  be  made  with  defect  geometries  different 
from  those  produced  to  date.  Specifically,  there  will  be  1200.nm  diameter 
disk-shaped  (penny-shaped)  defects,  with  the  defect  plane  lying  at  an  angle  of 
30°,  60°  and  20°  to  the  plane  of  the  diffusion  bond.  One  such 
defect  would  have  an  elliptical  rather  than  circular  shaped  cavity. 

Scattering  from  essentially  one-dimensional  defects  is  also  of 
interest,  and  consequently  several  samples  will  be  produced  having  a  linear 
defect  in  the  bond  plane.  A  typical  cross  section  of  the  defect  would  be 
1200*411  x  lOOwn  or  a  600pm  radius  semicircle  with  the  defect  being  ~3  inches 
long. 

Ceramic  Samples 

Initial  studies  of  the  elevated  temperature  plasticity  of  silicon 
nitride  at  1500-2000°C  indicates  that  this  material  might  be  diffusion 
bonded  in  this  temperature  range.  Consequently,  it  is  planned  to  test 
diffusion  bonding  as  a  means  to  make  ceramic  samples  containing  voids  of 
controlled  size  and  shape. 

Present  methods  employ  powder  hot  pressing  of  ceramics  to  produce 
ceramic  samples  containing  inclusions,  and  it  is  contemplated  that  diffusion 
bonding  would  enable  ultrasonic  reference  standards  of  ceramics  to  be  produced 
with  internal  voids  of  controlled  size,  shape  and  location. 
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PROJECT  I,  UNIT  B,  TASK  3 

SIGNAL-PROCESSING  RESEARCH  IN  CONNECTION  WITH 
ULTRASONICS  IN  NONDESTRUCTIVE  TESTING 

Richard  M.  White 

University  of  California,  Berkeley 
Berkeley,  California  94720 


Introduction 

During  the  report  period  work  has  continued  on  both  a  CCD-based 
burst  processor  and  an  integrated  ultrasonic  transducer  having  application  to 
NDE  both  as  a  receiving  transducer  and  as  a  SAW  signal  processor.  Tests  have 
been  made  of  the  transducer  using  four  different  modes  of  excitation,  showing 
the  device  functions  well  in  all  four.  Analysis  and  experiment  have  shown 
that  the  use  of  the  zinc  oxide  transducing  element  with  a  dual-gate 
field-effect  transistor  provides  a  highly  linear  dependence  of  transistor  gain 
upon  gate  control  voltage,  thus  making  the  unit  attractive  for  use  as  an 
element  in  a  SmW  transversal  filter  signal  processor. 

CCD  and  Integrated  Transducer 

Past  reports  have  included  mention  of  work  on  a  charge-coupled 
device  (CCD)  inverse  filter  for  use  in  processing  ultrasonic  rondestructive 
testing  waveforms.  This  work  proceeded  to  the  point  of  a  demonstration  of  a 
burst  processor  system  employing  a  commercial  CCD  video  delay  line  (Fairchild 
321CCD  with  its  associated  driving  module)  to  capture  a  receiving  waveform 
from  a  comnercial  (Panametrics)  NOT  transducer.  The  waveform  was  captured 
(sampled  and  stored)  using  a  fast  clock,  and  then  read  out  at  a  slow  rate  into 
an  inverse  filter  based  on  a  commercial  CCD  shift  register  having  its  tapping 
electrodes  available  externally  (Reticon  TAD-32).  Limitations  resulting  from 
the  operating  constraints  of  the  commercial  CCDs  were  identified.  Some  of  the 
problems  experienced  were  found  to  be  related  to  the  internal  designs  of  the 
CCDs  used  —  "corner-turning"  spikes  and  effects  of  a  current  sensing 
capacitor  were  evident.  Other  limitations  in  speed  of  the  systems  built  here 
were  related  to  the  speed  of  components  used  other  than  the  CCDs.  The  CCDs 
are  being  redesigned  by  their  anuf acturers ,  and  we  are  changing  some 
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components  in  our  circuits,  in  preparation  for  additional  tests  of  their 
performance . 

The  work  on  the  integrated  transducer  has  proceeded  during  the 
report  period  both  in  terms  of  experimental  work  and  analysis  of  the  devices. 
This  work  will  be  sumnarized  in  some  detail  here. 

Integrated  Ultrasonic  Transducer 

The  device  consists  of  one  or  more  thin  films  of  a  piezoelectric 
(zinc  oxide)  deposited  by  RF  sputtering  upon  a  wafer  of  silicon  in  which 
field-effect  transistors  (FETs)  have  been  fabricated.  The  structure  is 
primarily  a  receiving  transducer  which  is  capable  of  a  number  of  different 
modes  of  excitation.  If  it  is  used  with  a  dual-gate  FET  then  the  signal  from 
the  piezoelectric  can  he  applied  to  one  gate  while  a  control  voltage  is 
applied  to  the  other  .uue.  One  use  for  the  control  voltage  is  gain  control  of 
the  FET  amplifier.  In  order  to  provide  a  wide  range  of  amplification  signal 
frequencies,  a  double-diffused  metal -oxide-semi conductor  (D-MOS)  transistor 
has  been  used. 

Four  different  modes  of  excitation  of  the  integrated  transducer  are 
shown  in  Fig.  1.  In  each  part  of  the  figure,  the  cross-hatched  rectangle 
represents  a  silicon  wafer,  while  the  solid  rectangles  represent  the 
piezoelectric  films  with  their  electrodes.  The  modes  are  as  follows: 

A.  Flexural  Mode.  If  one  end  of  the  wafer  is  clamped  in  support, 
deflection  of  the  free  end  flexes  the  film  producing  a  piezoelectrically 
induced  voltage  which  alters  the  drain  current  in  the  transistor.  Such 
flexural  response  extends  to  very  low  frequencies.  Measurements  at  600  Mz 
yielded  an  effective  gauge  factor  (defined  as  fractional  change  in 
source-drain  current  per  unit  strain)  of  160,000  which  is  much  larger  than  the 
gauge  factors  of  most  other  low-frequency  strain  sensors.  Similar  gauge 
factors  were  observed  in  these  devices  at  frequencies  well  below  1  Hz. 

B.  Thickness  Mode.  The  tranducer  may  be  enclosed  in  a  housing  which 
provides  mechanical  protection  and  electrical  shielding  for  use  in  a 
conventional  immersion  system  or  as  a  contact  transducer  on  the  surface  of  a 
solid.  In  this  application,  the  transducer  could  be  used  to  detect  bulk  waves 
resulting  from  acoustic  emission  or  scattering  from  defects  in  a 
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Fig.  1  Four  modes  of  excitation  of  the  transducer,  all  of  which  have  been  observed 
experimentally  at  frequencies  ranging  from  less  than  one  Hz  for  flexural 
mode  to  about  90MHz  in  SAW  mode. 
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nondestructive  testing  system.  The  silicon  wafer  can  serve  as  the  wear  plate 
for  the  transducer,  or  the  wafer  can  be  bonded  onto  a  protective  metal  plate 
which  is  coupled  to  the  system  being  examined. 

C.  End  Excitation.  Here  the  piezoelectric  film  is  driven  by  a 
source  located  at  one  end  of  the  silicon  wafer  so  that  waves  propagate  along 
the  wafer,  past  the  film,  and  on  toward  the  other  end  where  they  may  be 
absorbed  with  attenuating  material. 

The  computed  response  to  a  compressional  bulk  wave  can  be  expressed 
as  a  conversion  efficiency,  defined  as  power  delivered  to  the  electrical  load 
divided  by  power  in  the  acoustic  wave.  The  conversion  efficiency  in  decibels 
can  be  positive,  owing  to  the  presence  of  the  active  transistor.  The 
conversion  efficiency  is  proportional  to 

sin2(kBL/2) 

(kBL/2)2 

where  kgL  =  a>L/vg,  with  to  =  angular  frequency,  L  =  film  dimension  in 
direction  of  propagation,  and  vg  =  phase  velocity  of  bulk  wave. 

0.  Surface  Wave  Excitation.  Figure  2  shows  the  computed  conversion 
efficiency  vs.  frequency  for  a  transducer  employing  a  D-MOS  transistor  and  a 
single  electroded  zinc  oxide  film  either  10  or  20  microns  long.  These  are 
results  of  a  simplified  analysis  based  upon  the  use  of  only  a  single  decaying 
exponential  surface-wave  component.  As  expected,  the  response  vanishes  where 
the  film  length  is  an  integral  number  of  wavelengths  (ksL/2  =  n77, 
n  =  0,1,2,...).  Significant  conversion  gain  results  at  some  frequencies  for 
the  device  parameters  assumed  in  this  calculation. 

Applications 

This  transducer  can  be  applied  to  NDE  (or  possible  acoustic 
emission)  applications  as  a  receiving  transducer  having  its  own  impedance 
transforming  amplifier  built  in  and  situated  close  to  the  transducing 
piezoelectric  film  so  as  to  reduce  the  magnitude  of  the  parasitic  circuit 
elements  such  as  cabling  and  the  like.  The  active  transducing  area  (area  of 
piezoelectric)  can  be  shaped  and  dimensioned  to  provide  control  of  its 
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Fig.  2  Computed  conversion  efficiency  for  SAW  excitation. 
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acoustic  directivity;  the  area  is  defined  by  photolithography  and  so  can  be 
precisely  controlled.  For  example,  transducing  regions  which  are  relatively 
nondirective  in  one  direction  and  highly  directive  in  the  other  can  easily  be 
made.  The  electronic  control  of  the  transducer  provided  by  the  accessibility 
of  the  second  FET  gate  is  another  advantage  to  be  explored  in  future  work. 

Finally,  connecting  the  transducers  into  arrays  for  purposes  of 
signal  processing  is  possible.  In  particular  we  have  found  that,  when  pairs 
of  D-MOS  transistors  are  connected  in  a  differencing  circuit  as  illustrated 
schematically  in  Fig.  3,  a  very  linear  dependence  of  gain  for  the  signal  input 
upon  control  gate  voltage  Vqci  results  as  shown  in  Fig.  4.  This  result  — 
initially  surprising  because  of  the  quite  nonlinear  dependence  of  gain  upon 
the  control  gate  voltage  --  has  been  explained  recently  by  an  analysis 
(carried  out  here  by  Kent  Chuang). 

Staff  Supported  During  this  Period: 

C.-T.  K.  Chung,  M.  S.  Candidate 
Professor  R.  M.  White 

Publications 

Integrated  Ultrasonic  Transducer,"  S.  H.  Kwan,  R.  M.  White  and  R.  S. 
Muller,  presented  at  the  Ultrasonics  Symposium,  Nov.  1977. 
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Fig.  3  Schematic  arrangement  of  SAW  transversal  filter  signal  processor 
employing  array  of  integrated  transducers  with  dual-gate 
transistors  and  differential  output. 
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PROJECT  I,  UNIT  C,  TASK  1 

NEW  TECHNIQUES  FOR  ACOUSTIC  NONDESTRUCTIVE  TESTING 

G.S.  Kino, 

Edward  L.  Ginzton  Laboratory 
W.W.  Hansen  Laboratories  of  Physics 
Stanford  University 
Stanford,  California 


Introduction 

After  three  years  of  operating  prototype  versions  of  our  present 
electronically  focused  and  scanned  acoustic  imaging  system  in  NOT 
applications,  we  have  gained  considerable  insight  into  its  advantages  and 
disadvantages.  Our  present  system  operates  by  actively  generating  a  chirp 
waveform,  which  is  used  with  a  SAW  tapped  delay  line  and  a  transducer  array, 
to  focus  and  scan  transmitted  and  received  acoustic  waves  in  a  B-scan 
reflection  mode  imaging  system.  As  our  primary  application  is  NDT, 
experiments  have  been  performed  imaging  targets  in  a  water  bath  and  defects 
located  in  metal  samples. 

The  relative  merits  of  this  system  are  briefly  reviewed  in  the 
context  of  other  significant  acoustic  imaging  systems  reported  in  the 
literature.  This  is  followed  by  an  explanation  of  the  principles  and  design 
of  a  new  improved  system  which  is  currently  under  construction  in  our 
laboratory. 

Current  Systems 

The  advantages  of  our  present  system  are  the  basic  ones  to  be 
expected:  high  speed,  a  large  field  of  view  in  the  direction  normal  to  the 
array;  and  good  definition  parallel  and  normal  to  the  array.  The 
disadvantages  are:  complexity,  a  relatively  limited  field  of  view  in  the 
direction  parallel  to  the  array,  because  of  the  limited  number  of  array 
elements  used  in  our  research  system,  higher  side  lobe  levels  than  we  would 
like  (at  least  in  the  high  speed  mode),  small  aperture,  which  restricts  the 
range  of  viewing  angles  and  results  in  poor  images  of  specular  reflectors,  and 
operation  at  a  lower  frequency  (2.5  MHz)  than  optimum. 

Another  system  employed  by  Thurston^-  used  lumped  delay  lines  on 
each  element  of  the  receiver  array.  Time  delay  through  the  delay  lines  can  be 
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switched  by  means  of  a  minicomputer  to  compensate  for  the  time  differences 
between  the  different  rays  reflected  from  a  given  point  in  space.  The  lumped 
delay  lines  are  switched  in  steps  so  as  to  give  a  continuous  focused  scan 
along  a  radial  line.  The  receiver  focusing  is  changed  dynamically  as  the 
transmitter  pulse  travels  out  from  the  array.  The  problem  with  this  technique 
is  excessive  complexity,  the  large  space  taken  up  by  the  lumped  delay  lines 
and  the  high  minicomputer  operating  speed  required  to  provide  dynamic 
focusing.  This  has  limited  the  number  of  elements  used  in  the  receive-mode  to 
16. 

A  further  system  which  is  presently  being  worked  on  in  the  Integrated 
Circuit  Laboratory  at  Stanford  employs  analog  CCD  delay  lines  in  place  of  the 
lumped  delay  lines  to  implement  the  dynamic  focus  control. 2  The  problem 
with  the  systems  that  have  been  suggested  so  far  is,  that  if  one  wants  to 
increase  the  field  of  view  or  the  aperture  of  the  system,  a  large  number  of 
elements  is  required.  In  this  case,  the  electronic  component  requirement 
becomes  extremely  costly,  making  the  lumped  circuit  devices  impractical  for  a 
large  number  of  elements.  The  CCD  devices  tend  to  run  into  problems  with 
digital  noise  and  need  complicated  control  circuits.  They  also  have  had 
difficulties  increasing  the  working  frequency  above  that  presently  employed 
(1.8  MHz)  although  improvements  are  expected  in  this  respect. 

New  System 

We  have  been  experimenting  with  the  components  of  a  new  real-time 
synthetic  aperture  imaging  system  which  we  believe  will  eliminate  many  of  the 
deficiencies  encountered  in  the  previously  mentioned  systems.  The  system  we 
intend  to  build  is  functionally  equivalent  to  a  tomographic  imaging  system 
with  filtered  back-projection,  operating  in  real-time.  The  basic  principles 
of  a  very  closely  related  system  have  already  been  demonstrated  by  Johnson, 
et  al.,3  using  relatively  slow  computer  reconstruction  techniques.  In  this 
system,  we  transmit  from  one  element  at  a  time,  and  receive  the  return  signal 
on  the  same  element.  The  received  signal  passes  through  an  analog 
multiplexer,  an  amplifier,  and  an  A  to  D  converter  before  storage  in  the 
signal  memory.  This  operation  is  repeated  for  successive  array  elements  with 
the  analog  multiplexer  selecting  the  desired  element,  and  the  appropriate 
memory  location.  Once  we  have  stored  the  signals  from  a  sufficient  number  of 
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elements,  typically  32,  we  can  reconstruct  an  entire  two-dimensional  image  by 
adding  the  information  from  the  appropriate  locations  in  the  signal  memory, 
corresponding  to  equal  time  delays  to  the  point  of  interest,  in  order  to 
reconstruct  this  given  point  in  the  image  plane. 

There  are  a  number  of  important  factors  relating  to  the  design  of  a 
practical  imaging  system  using  the  approach  described  here  which  must  be 
considered.  When  a  signal  is  transmitted  and  received  by  only  one  element  at 
a  time,  very  efficient  transducers  are  required  in  order  to  obtain  adequate 
signal-to-noise  ratio  (SNR).  We  have  designed  and  constructed  a  high 
efficiency  array  utilizing  A./4  matching  layers  which  we  believe  will  be 
adequate  for  our  application.  Another  possible  approach  to  obtaining  a  good 
SNR  is  to  transmit  a  coded  pulse  train  or  FM  chirp  and  employ  a  matched  filter 
or  an  inverse  filter  in  the  receiver.  This  technique  could  improve  the  SNR  by 
20  dB  without  great  difficulty.  We  have  tested  both  acoustic  surface  wave 
matched  filters  and  a  microprocessor  controlled  CCD  inverse  filter  for  this 
purpose.  We  also  have  intentions  of  using  acoustic  surface  wave  storage 
correlators  for  such  an  inverse  filter.  The  advantages  of  using  an  inverse 
filter  rather  than  a  matched  filter  are  the  possibility  of  optimizing  the 
resolution  in  all  directions  and  the  side  lobe  level.  Because  the  system  is 
linear,  a  filter  such  as  this  could  be  placed  at  front-end  of  the  system, 
ahead  of  the  A  to  D  converter,  or  at  the  system  output,  after  the  signals  from 
the  individual  memory  locations  have  been  added  together  and  converted  back  to 
an  analog  signal. 

One  important  advantage  of  the  synthetic  aperture  approach  is  that  it 
requires  only  a  single  front-end  amplifier,  regardless  of  how  many  elements  of 
the  transducer  array  are  to  be  used.  This  means  that  a  great  deal  of  effort 
can  be  put  into  the  design  of  the  front-end  amplifier  with  little  regard  for 
its  complexity,  number  of  adjustments,  expense,  etc.,  all  of  which  are 
important  considerations  in  a  system  where  an  amplifier  is  required  for  each 
element  of  the  array. 

In  the  system  employed  by  Thurston, 1  the  received  signals  are 
compressed  before  being  added.  This  gives  the  equivalent  of  lower  side  lobe 
levels.  Because  our  synthetic  aperture  system  requires  only  a  single 
front-end  amplifier,  it  would  be  ideally  suited  to  the  implementation  of  such 
a  compression  technique,  since  we  would  not  need  to  worry  about  matching  the 
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characteristics  of  a  large  number  of  compression  circuits,  and  other 
complications.  As  an  example  of  the  type  of  improvement  obtainable  using  a 
compression  technique,  consider  the  case  where  we  take  the  square  root  of  the 
amplitude  of  the  signal,  but  leave  the  sign  or  phase  of  the  signal  unchanged. 

We  take  the  signal  received  by  a  single  element  from  a  reflector  at  the  focus 
to  be  of  amplitude  a,  and  that  from  an  interfering  point  away  from  the  focus 
to  be  of  amplitude,  b.  The  side  lobe  level  is  given  by  S  -  b/Na,  where  N  is 
the  number  of  transducer  elements.  Now,  suppose  we  use  the  square  root 
compression  technique.  In  this  case,  the  side  lobe  level  after  the  compressed 
signals  have  been  added  is  S  =  (b/a)VN.  If  the  signal  is  then  expanded  by 
squaring  to  restore  the  original  linear  relation  between  incut  and  output,  the 
new  side  lobe  level  would  be  S  =  b/N^a. 

Thus,  in  our  initial  experiments  we  are  intending  to  work  with  an 
8-element  system  with  and  without  compression  to  determine  whether  we  can 
obtain  this  radical  improvement  in  side  lobe  level.  On  the  basis  of  the 
theory  given  here,  it  should  be  possible  to  improve  the  dynamic  range  of  the 
system  by  using  the  compression  techniques  ahead  of  the  A  to  D  converter. 
However,  these  improvements  would  be  obtained  at  the  expense  of  a  degraded  SNR. 

To  implement  this  synthetic  aperture  imaging  system  we  must  be  able 
to  store  a  complete  set  of  signals,  one  from  each  transducer  element.  In 
order  to  do  this,  we  propose  to  use  an  ultra-high  speed  A  to  D  converter  and 
random  access  memories.  To  provide  adequate  sampling  of  amplitude  and  phase 
we  must  operate  the  A  to  D  converter  at  a  sampling  rate  greater  than  twice  the 
upper  cutoff  frequency  of  the  transducer  elements.  Thus,  if  the  upper  cutoff 
frequency  of  the  transducer  elements  is  5  MHz,  the  system  clock  rate  must  be 
greater  than  10  MHz.  The  A  to  0  converter  and  digital  memories  we  intend  to 
use  are  capable  of  operating  at  clock  frequencies  up  to  20  MHz. 

The  optimum  reconstruction  of  a  two-dimensional  image  from  the  set  of 
signals  stored  in  the  digital  memories  is  a  formidable  computational  task. 

Since  we  desire  to  obtain  a  real-time  image,  we  must  find  a  simplified 
algorithm  to  perform  this  reconstruction.  The  method  we  have  chosen  to 
implement  is  back-projection.  The  back-projection  method  of  reconstruction 
requires  that  a  set  of  geometric  calculations  be  performed  to  control  the 
addressing  of  signal  memories;  however,  once  the  required  addressing 
information  has  been  computed,  it  can  be  stored  in  table  form  in  a  high  speed 
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memory  which  we  refer  to  as  the  focus  memory.  In  a  typical  32-element  system, 
the  focus  memory  will  be  about  1/4  the  size  of  the  signal  memory.  However, 
tne  focus  memory  can  be  implemented  using  a  PROM  (Programmable  Read  Only 
Memory)  which  is  much  denser  than  the  RAM  (Random  Access  Memory)  which  we 
intend  to  use  in  our  experimental  systems.  With  this  technique  we  can 
generate  scan  lines  perpendicular  to  the  array,  perform  a  radial  sector  scan, 
or  any  other  desired  scan  format.  We  can  also  vary  the  spacing  between  scan 
lines  either  by  reprogramming  the  focus  memory  from  the  microprocessor  or  by 
interpolation  techniques. 

Another  important  advantage  of  the  synthetic  aperture  approach  over 
the  previously  mentioned  imaging  systems  is  that  the  transverse  resolution  is 
twice  as  good  as  that  of  an  equivalent  imaging  system  in  which  a  parallel  beam 
is  transmitted  and  the  system  is  focused  on  receive.  This  is  due  to  the  fact 
that  the  time  and  phase  difference  to  a  point,  R,  from  a  transducer  element  is 
doubled,  because  the  signal  travels  to  the  image  point  and  back.  Thus,  our 
system  is  equivalent  to  a  conventional  imaging  system  operating -at  twice  the 
frequency.  The  range  resolution  is  the  same  using  either  the  synthetic 
aperture  technique  or  any  of  the  other  techniques  previously  described.  The 
system  therefore  provides  the  same  improvement  in  transverse  resolution 
capability  which  has  already  been  demonstrated  in  scanned  holographic 
imaging. ^  But,  in  addition,  as  we  are  using  time  delay  rather  than  phase 
delay  techniques  to  reconstruct  the  image,  we  should  also  obtain  excellent 
range  resolution. 

We  have  used  analytic  methods  to  predict  the  side  lobe  levels  of  an  N 
element  imaging  system,  and  we  have  performed  a  computer  simulation  to  verify 
these  results.  Ideally,  one  would  prefer  a  short  pulse  approximately  one  RF 
cycle  long  which  can  be  obtained  by  the  use  of  a  previously  designed 
transducer  array.  Alternatively,  the  appropriate  inverse  filter  can  be  used 
if  the  transducer  array  does  not  perform  adequately.  In  this  case,  the 
near-in  side  lobes  are  much  like  those  of  any  conventional  imaging  system,  but 
the  far-out  side  lobes  are  down  from  the  main  lobe  by  a  factor  of  1/N.  With 
such  short  pulses,  the  grating  lobes  do  not  exist.  On  this  basis,  we  predict 
that  for  a  32-element  system,  without  compression,  the  side  lobe  level  would 
be  on  the  order  of  -30  dB,  with  the  possibility  of  some  slightly  higher  side 
lobes  close  to  the  main  lobe. 
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Prototype  System 


A.  The  Imaging  System 

In  our  initial  experiments,  we  intend  to  work  with  an  8-element 
system,  to  test  the  basic  principles  of  operation,  and  to  gain  experience  with 
the  hardware  design.  This  initial  system  will  also  enable  us  to  verify  the 
side  lobe  levels  and  to  test  the  advantages  and  drawbacks  of  gain 
compression.  This  system  will  have  a  field  of  view,  using  shear  waves  in 
metal,  which  is  5  cm  wide  and  14  cm  deep,  beginning  about  2  cm  from  the  array, 
however,  this  can  be  varied  under  software  control  by  changing  the  information 
in  the  focus  memory.  The  display  will  consist  of  96  lines,  with  about  150 
points  on  each  line.  This  initial  system  will  be  designed  to  operate  with 
transducer  arrays  having  upper  cutoff  frequencies  up  to  5  MHz. 

At  the  present  time  we  are  nearing  completion  of  the  digital  portion 
of  the  imaging  system  and  we  have  tested  a  number  of  receiver  and  transmitter 
circuits  as  well  as  an  analog  multiplexer  which  we  believe  might  be  adapted  to 
suit  this  application.  We  have  also  developed  a  high  efficiency  transducer 


array  with  good  impulse  response.  We  do  not  foresee  any  major  difficulty  in 
using  these  components  to  build  a  new,  electonical ly  scanned  and  focused 
ultrasonic  imaging  system  with  reasonably  low  side  lobe  levels  and  an 
operating  frequency  up  to  5  MHz.  Furthermore,  this  initial  system  will  enable 
us  to  investigate  possible  directions  for  future  developments. 

One  problem  with  most  electronically  scanned  acoustic  imaging  systems 
is  that  the  display  line  and  frame  times  are  not  usually  compatible  with  a  TV 
monitor.  This  is  a  disadvantage  because  the  grey  scale  image  quality  of  the 
magnetically  deflected  cathode  tubes  in  TV  systems  is  far  better  than  is 
available  with  the  alternative  electrostatic  deflection  tubes  typically  used 
in  oscilloscopes. 

Our  present  design  should,  in  fact,  be  compatible  with  the  line  time 
of  a  TV  display  but  the  number  of  lines  employed,  -100,  is  far  less  than  in  a 
TV  display  (525).  So  the  image  will  not  look  continuous.  One  technique  to 
eliminate  this  difficulty  is  to  use  only  part  of  the  screen.  Another  is  to 
use  interpolation  routines  for  filling  in.  But  in  all  cases,  a  more  arbitrary 
choice  of  line  and  frame  rates  would  be  helpful,  as  would  some  facility  for 
storing  the  picture  for  times  comparable  to  one  frame.  This  is  discussed 
further  in  the  section  on  Future  Development. 
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The  most  obvious  method  to  fill  this  need  is  to  use  a  scan 
converter.  In  analog  form  this  device  consists  of  a  semiconductor  mosaic 
irradiated  by  a  scanning  electron  beam,  as  in  a  TV  display.  Readout  is  by  a 
second  beam  at  an  arbitrary  rate  compatible  with  a  TV  display.  Digital  scan 
converters  are  also  beginning  to  come  on  the  market. 

In  order  to  obtain  some  feel  for  the  capabilities  of  such  scan 
converters,  we  have  been  experimenting  with  a  commercial  PEP  analog  device, 
using  our  present  electronically  scanned  and  gated  system,  described  in  the 
last  progress  report.  A  display  which  is  much  more  convenient  to  use  is 
obtained  with  the  scan  converter.  Furthermore,  far  more  detail  on  the  nature 
of  any  problems  in  the  display  is  easy  to  observe.  For  instance,  we  found  and 
eliminated  ripple  in  the  line  scan,  a  problem  which  had  not  been  apparent  to 
us  before. 

We  have  also  experimented  with  a  digital  scan  converter,  using  a 
Unirad  system  donated  to  us.  This  system  is  similar  to  our  own  imaging 
device.  Again  the  digital  format  provided  a  vastly  better  display  capability, 
but  is  more  limited  in  its  flexibility. 

B.  The  Inverse  Filter 

The  principles  of  our  microprocessor-control  led  tapped  delay  line 
CTD  (charge  transfer  device)  inverse  filter  were  described  in  the  last 
progress  report.  Further  progress  was  made  during  the  summer  with  this  device 
whicn  was  controlled  by  a  minicomputer  available  in  cur  own  laboratory. 

In  order  to  test  the  device,  an  LC  resonator  was  constructed  to 
simulate  the  response  of  a  distorting  medium.  The  sequence  of  photographs  in 
Fig.  1  shows  the  inverse  filter  output  with  the  CTD  being  clocked  at  a  50  kHz 
sampling  rate.  The  processor  operates  by  initiating  the  test  pulse  to  the 
distorting  medium,  Fig.  2(a),  and  clocking  if  into  the  CTD.  The  sign  of  the 
filter  output  during  the  32  appropriate  clock  periods  is  then  loaded,  as  two 
16-bit  words,  into  the  computer.  The  updated  tap  weights  are  subsequently 
computed  and  loaded,  as  thirty-two  8-bit  words,  into  the  storage  latches 
associated  with  the  digital-to-analog  converters.  This  sequence  of  steps  is 
performed  repeatedly  and  the  filter  output  is  shown  with  the  tap  weights  at 
some  arbitrary  initial  value,  Fig.  1(b),  and  after  50,  100,  150,  and  300 
iterations.  Fig.  l(c)-(f).  'he  complete  sequence  of  300  iterations  takes 
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approximately  3  seconds  to  complete,  and  after  the  filter  has  converged. 

Fig.  1(f),  we  can  send  a  pulse  into  the  CTD  input  in  order  to  examine  the 
impulse  response,  Fig.  2. 

In  order  to  demonstrate  the  ability  of  the  inverse  filter  to 
deconvolve  partially  overlapping  distorted  pulses,  a  series  of  closely  spaced 
pulses  were  sent  through  the  LC  resonator  and  then  through  the  inverse 
filter.  In  each  of  the  individual  photographs  of  Fig.  3,  the  top  trace  shows 
how  the  distorted  pulses  overlap  one  another,  while  the  bottom  trace  shows  the 
filter  output,  with  the  separate  pulses  clearly  discriminated. 

Our  demonstration  processor  is  limited  to  operating  at  sample  rates 
below  300  kHz  and  it  suffers  from  a  dynamic  range  limitation,  both  of  these 
problems  being  related  to  the  tap  weighting  circuitry.  The  use  of  improved 
tap  weighting  circuitry,  employing  transconductance  multipliers  or  multiplying 
digital-to-analog  converters,  should  provide  a  dynamic  range  better  than  40  dB 
and  allow  the  CTD  to  operate  close  to  its  maximum  clock  rate  of  several  MHz. 
Alternatively,  by  using  the  acoustic  surface  wave  storage  correlation  being 
developed  in  our  own  laboratory  on  another  program  as  the  appropriate  delay 
line,  we  plan  to  make  a  device  with  the  bandwidth  required  in  our  acoustic 
imaging  applications  as  well  as  with  a  dynamic  range  of  at  least  40  dB.  At 
the  present  time  we  have  demonstrated  feasibility,  but  we  do  not  yet  have  a 
real  time  inverse  filter  of  the  quality  required  for  imaging  applications. 

Future  Developments 

Some  of  the  possible  directions  which  we  believe  this  new  approach 
will  allow  us  to  pursue  include  three-dimensional  imaging,  ultra-high 
frequency  operation,  very  long  array  scanning,  and  improved  B-scan  imaging  of 
the  type  used  in  medical  systems. 

The  implications  of  the  hoped  for  reduction  in  side  lobe  levels  by 
using  gain  compression  are  of  major  importance.  For  instance,  if  compression 
is  as  effective  as  we  hope,  then  the  side  lobe  levels  will  be  low  enough  with 
a  modest  number  of  transducer  elements  (eight  for  example).  It  then  becomes 
practical  to  consider  the  use  of  a  two-dimensional  array  of  perhaps  32 
elements  to  obtain  good  definition  in  all  three-dimensions.  The  optimum 
configuration  of  such  a  two-dimensional  array  is  something  which  still  needs 
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FIG.  3— Deconvolution  of  overlapping  distorted  pulses  using  the  inverse  filter 
of  Fig.  1(f) . 

(a)  Two  overlapping  distorted  pulses; 

(b)  Inverse  filter  output; 

(c)  Two  overlapping  distorted  pulses 

(d)  Inverse  filter  output; 

(e)  Three  overlapping  distorted  pulses; 

(f)  Inverse  filter  output. 
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to  be  considered;  however,  three-dimensional  imaging  does  appear  to  be 
practical  using  this  approach. 

A  second  interesting  possibility  is  the  use  of  ultra-high  frequency 
ZnO  on  sapphire  transducer  arrays  operating  at  200  MHz,  such  as  have  already 
been  developed  in  our  laboratory,  to  construct  an  imaging  system  for  examining 
such  materials  as  ceramics  and  integrated  circuits.  Sampling  circuits,  such 
as  are  employed  in  sampling  oscilloscopes,  can  be  used  to  count  down  the 
received  frequency  to  a  range  below  10  MHz,  prior  to  being  digitized  at  the 
front-end  of  our  imaging  system. 

A  third  possibility  is  the  use  of  this  approach  to  scan  a  very  long 
transducer  array,  of  perhaps  several  hundred  elements,  to  obtain  a  very  wide 
field  of  view.  With  this  approach,  we  would  process  the  information  from  a 
modest  number  of  elements,  32  for  example,  then  use  the  multiplexer  to  select 
the  next  group  of  32  elements  in  the  array.  The  total  picture  field  obtained 
would  be  stored  in  a  scan  converter  and  information  from  overlapping  points 
added  in  the  scan  converter.  This  would  yield  a  high  quality  image  from  a 
relatively  large  effective  synthetic  aperature,  with  a  large  field  of  view. 

The  additional  electronics  required  for  this  approach  is  the  additional 
multiplexer  channels  and  the  scan  converter.  Another  possibility  is  to  use 
this  synthetic  aperture  technique  to  produce  a  dynamically  focused  beam  for 
use  with  a  system  much  like  a  conventional  medical  B-scan  imaging  system  to 
provide  greatly  improved  resolution  and  beam  tilting  capability.  In  this 
case,  the  transducer  array  could  consist  of  an  array  of  say  32  elements  which 
would  provide  dynamic  focusing  and  beam  tilting  in  a  radial  sector.  By 
mounting  the  array  on  a  mechanical  arm  and  keeping  track  of  its  location,  the 
system  could  be  used  in  the  same  way  as  a  mechanically  scanned  medical  B-scan 
system  but  with  better  definition.  Furthermore,  as  the  beam  could  be  tilted 
electronically,  a  hand  held  array  could  be  used  to  scan  rigid  objects  like  a 
piece  of  metal,  without  requiring  the  flexibility  of  the  body  or  of  a  water 
bath  for  beam  tilting.  Alternatively,  a  number  of  concentric  rings  could 
provide  three-dimensional  dynamic  focusing  along  their  common  axis,  and  the 
system  could  be  used  in  the  same  way  as  a  standard  medical  B-scan  system.  In 
both  cases  a  scan  converter  would  be  required  for  display  of  the  complete 
image. 


93 


SC595.32SA 


A  final  possibility  is  to  attempt  post  processing  on  the  complete 
image.  Schemes  such  as  two-dimensional  inverse  filtering  might  be  attempted 
to  improve  the  resolution  and  reduce  the  side  lobe  responses. 

As  can  be  seen,  there  are  several  different  ways  of  employing  this 
system,  many  of  which  we  hope  to  demonstrate.  We  believe  the  basic  advantage 
of  such  a  synthetic  aperture  system  is  the  great  flexibility  offered  by  the 
externally  programmed  focus  memory  which  permits  the  scan  format  to  be  altered 
at  will  while  still  retaining  real  time  operation. 
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PROJECT  I,  UNIT  C,  TASK  2 
ULTRASONIC  IMAGING  TECHNIQUES 


K.  M.  Lakin 

Department  of  Electrical  Engineering 
University  of  Southern  California 
Los  Angeles,  California 


Introduction 

The  objective  of  this  task  is  to  study  acoustic  image  processing  and 
to  implement  a  pulsed  CW  holographic  imaging  system  as  an  extension  of  the 
work  done  previously  on  the  amplitude  and  phase  contrast  imaging  of  transducer 
near  and  far  field  radiation  patterns.  In  that  work  the  precision  of  the 
holographic  process  using  VW  excitation  suggested  that  the  method  might  well 
be  applied  to  the  problem  of  defect  imaging  if  the  same  degree  of  accuracy 
could  be  achieved  when  the  system  was  used  in  the  pulsed  mode.  In  the  CW 
system  the  overall  accuracy  was  obtained  because  of  the  large  dynamic  range  of 
the  network  analyzer  and  its  narrow  band  high  resolution  phase  detection 
capability.  In  addition,  by  using  a  synthetic  array  approach,  i.e.,  scanning 
a  64  x  64  grid  using  a  single  transducer,  all  elements  of  the  array  were 
assured  to  be  identical  in  response.  However,  the  system  was  not  convenient 
in  terms  of  data  through-put  and  image  processing  speed.  In  addition,  the  CW 
mode  of  operation  allows  multiple  reflections  to  obscure  the  desired  data,  a 
severe  problem  in  defect  imaging  where  the  scattering  from  front  surfaces 
(such  as  water-solid)  is  much  stronger  than  scattered  signals  coming  from  the 
defect  located  within  the  solid. 

In  order  to  efficiently  implement  this  study,  we  have  defined  a 
number  of  sub-tasks  which  are  ordered  in  the  approximate  flow  of  image  data. 
The  description  of  the  various  sub-tasks  and  their  implementation  are 
described  below. 

Implementation 

Pulsed  CW  Measuring  System.  The  pulsed  measuring  system  consists  of 


an  analog  region  and  A/D  converters  to  provide  2's  complement  data  for 
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reduction  and  display.  The  analog  portion  of  the  system  is  a  super-heterodyne 
receiver  consisting  of  a  front  and  mixer  followed  by  a  high  gain  30  MHz  IF 
amplifier  having  4  MHz  bandwidth,  over  100  dB  gain  and  -120  dBm  sensitivity. 
The  first  mixer  takes  the  nominally  5  MHz  signal  from  the  transducer  (or  array 
element)  and  mixes  with  a  25  MHz  carrier  to  give  the  30  MHz  IF  signal.  The 
output  of  the  IF  amplifier  is  either  a  30  MHz  pulse  or  an  envelope  of  the 
pulse.  In  our  system  the  30  MHz  pulse  is  sent  to  two  double  balanced  mixers 
with  proper  phase  shift  and  mixed  with  quadrature  shifted  30  MHz  reference 
signals.  The  output  of  the  detectors  is  then  the  real  and  imaginary 
components  of  the  pulse  signals.  These  base  band  pulses  are  then  sent  to 
gated  sample  and  hold  modules  and  then  to  fast  12  bit  A/D  converters  and  then 
to  memory  via  the  IEEE  488  interface  bus.  Because  the  analog  portion  of  the 
system  uses  the  super-heterodyne  principle,  the  input  signals  may  be  pulses  as 
well  as  tone  bursts.  The  generation  of  the  transmit  signal  also  uses  the 
heterodyne  principle  in  order  to  maintain  phase  coherence  between  pulses. 

Array  Design 

An  array  to  be  used  for  a  holographic  imaging  system  has  somewhat 
different  requirements  than  those  used  for  focused  imaging.  The  holographic 
transducer  array  may  be  constructed  with  elements  more  widely  spaced  than 
those  used  for  focused  beams,  the  elements  are  sampled  in  sequence  rather  than 
simultaneously,  and  the  requirements  for  cross  talk  in  the  array  are  probably 
somewhat  more  severe  than  in  focused  beam  arrays.  The  more  widely  spaced 
array  elements  makes  the  array  construction  somewhat  more  tractable  and  the 
sequential  access  should  make  the  electronics  less  costly  since  2N  electronic 
elements  are  required  for  an  array  of  size  NxN  rather  than  N  squared  similar 
circuits.  Several  array  designs  have  been  considered  with  an  emphasis  placed 
upon  the  compatibility  of  acoustical  design  and  electronic  scanning.  In 
general,  the  array  of  interest  is  of  size  64  x  64  with  an  element  spacing  of 
20  wavelengths,  and  an  operating  frequency  of  5  MHz.  Since  the  holographic 
system  uses  coherent  tone  burst  for  measurement,  the  transducer  elements  need 
not  be  as  heavily  damped  as  those  used  for  focused  beam  A  scan.  It  is  hoped 
that  the  easing  of  the  damping  requirement  alone  will  make  the  array 
construction  more  practical  and  the  elements  more  uniform  and  reliable. 
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Acoustic  Image  Processing 

In  order  to  form  an  image  from  the  acoustic  signals  the  data  must  be 
first  cast  into  a  format  that  allows  the  inversion  to  be  done  with  Fourier 
transform  methods.  Initially,  the  data  must  be  windowed  to  prevent  image 
ringing  due  to  the  truncation  of  the  transform  and  then  the  parabolic  phase 
factor  must  be  subtracted  from  the  total  phase.  At  first  thought  one  would 
expect  that  the  Fourier  transform  would  be  done  using  a  standard  FFT  algorithm 
as  we  did  in  our  work  on  transducer  fields.  However,  the  tradeoffs  in 
computation  time  between  the  FFT  and  straight  DFT  are  less  favorable  for  the 
FFT  when  the  transform  size  is  as  small  as  ours  (64  point  transform)  and  when 
complex  pre-  and  post-multiplication  are  required  for  the  parabolic  phase 
factors.  In  addition,  most  work  in  the  literature  deals  with  1024  point 
transforms  or  larger,  use  "in-place  computation"  which  conserves  machine 
memory  but-destroys  the  original  data  set.  However,  we  must  preserve  the 
original  data  set  in  order  to  carry  out  the  many  transforms  required  to  image 
through  a  water-solid  interface.  Faced  with  these  trade-offs,  we  decided  to 
recast  the  formalism  into  the  form  of  a  double  convolution  as  shown  in  (1), 
from  [1],  for  the  continuum  and  in  (2)  for  the  discrete  case. 
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Clearly,  with  the  parabolic  phase  factored  in,  the  problem  is  one  of 
convolving  the  circular  functions  with  the  field  data.  For  the  case  of  a 
64  x  64  data  set,  4096  complex  multiplications  are  required  for  each  of  the  64 
rows  and  the  process  is  repeated  for  each  of  the  64  columns  for  a  total  of 
over  500,000  complex  multiplications.  Accordingly,  we  are  planning  to  use 
hardware  multipliers  to  do  the  complex  arithmetic  and  directly  cycle  the  data 
to  the  multipliers  transparent  to  the  microprocessor.  In  this  manner  we  can 
achieve  a  good  compromise  between  hardware  cost  and  computational  time  since 
memory  is  relatively  inexpensive  and  the  hardware  multipliers  are  less  than 
200  dollars  each  and  multiply  in  less  than  150  ns.  Thus  by  using  two 
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multiplications  per  memory  cycle,  we  can  obtain  the  product  of  two  12  bit 
numbers  in  300  ns  and  the  two  dimensional  convolution  in  less  than  200  ns 
which  should  allow  for  a  near  real  time  display  of  the  transform  and  a  feature 
for  zoom  focusing  of  the  image  by  the  operator.  In  the  case  of  imaging 
through  a  water-solid  interface,  as  many  as  4096  transforms  would  be  required 
in  the  worst  case  to  find  the  interface  fields,  but  this  would  take  less  than 
14  seconds.  Once  having  the  interface  fields,  the  image  within  the  solid 
would  be  obtained  in  the  usual  manner  in  less  than  200  ms. 

Image  Display 

For  our  initial  work  the  mode  of  display  will  be  the  8  bit  grey  scale 
using  black  and  white  with  the  operator  having  the  option  of  zoom  focus  and 
level  slicing  (contour  plots).  Eventually,  it  will  be  useful  to  present  the 
data  in  the  form  of  perspective  plots,  as  was  done  in  the  transducer  studies, 
although  this  requires  a  lot  of  code  and  processing  time  if  hidden  lines  are 
to  be  blanked  out.  In  the  meantime,  perspective  plots  of  the  image  will  be 
generated  on  the  Tektronix  4051  Graphics  System  using  recently  purchased 
software. 

Interface  Field  Transitions 

Because  of  the  difference  in  propagation  properties  across  an 
interface,  such  as  water-to-steel ,  the  acoustic  fields  cannot  be  directly 
transformed  from  the  measurement  plane  to  the  image.  Instead  the  fields  at 
the  interface  must  first  be  determined  and  then  transformed  into  the  solid. 
Such  a  procedure  must  take  into  account  both  the  magnitude  and  phase  of  the 
fields  where  the  phase  is  sensitive  to  the  location  of  the  interface.  Our 
initial  studies  of  the  problem  suggest  that  the  contour  of  the  interface  must 
be  known  quite  precisely  due  to  the  sensitivity  of  the  change  in  Snell's  law 
refraction  angle  in  going  from  water  to  solid. 
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PROJECT  I,  UNIT  C,  TASK  3 

NONDESTRUCTIVE  EVALUATION 

N.  Bleistein  and  J.  K.  Cohen 
Denver  Applied  Analytics 
Denver,  Colorado  80222 


Introduction 

The  general  objective  of  this  task  is  to  develop  inversion  methods 
suitable  for  determining  the  size,  shape,  orientation,  and  material  properties 
of  flaws  in  solids.  The  first  objective  during  this  period  was  to  construct  a 
computer  code  which  would  accept  experimental  backscatter  observations  made  on 
the  surface  of  the  diffusion  bonded  samples  at  the  Science  Center  and  from 
this  data  to  predict  the  location  and  description  of  voids  within  that  sphere. 

Approach 

In  order  to  attain  this  objective,  it  was  necessary  to  extend  the 
theoretical  results  previously  obtained  by  us  in  several  ways.  First,  the 
analysis  had  to  be  adapted  to  the  implied  three-dimensional  spherical  geometry 
and  secondly,  the  analysis  had  to  be  adapted  to  the  type  of  source  employed  by 
the  experimentalists  in  the  Rockwell  N.D.E.  project. 

We  have  two  basic  approaches  to  the  flaw  detection  problem.  The 
first  is  treating  the  flaw  as  a  small  inhomogeniety  (direct  inversion 
approach)  while  the  second  treats  the  flaw  as  a  perfect  reflector  (POFFIS 
approach).  Since  our  first  experiments  concern  voids,  the  POFFIS  formalism 
has  been  considered  initially. 

We  have  now  completed  flow-charting  the  first  computer  algorithm. 
Specifically,  we  are  implementing  the  POFFIS  formalism  in  three  space 
dimensions  and  time  for  a  plane  wave  source  of  the  form, 
p(w)  e-^  "/c  *o  •  x,  where  xq  denotes  the  direction  of  the  plane  wave 
and  w=  2ttF,  the  angular  frequency.  Although  it  is  possible  to  "bootstrap"  an 
estimate  of  speed  inside  the  flow  from  the  POFFIS  formalism,  we  shall  not 
attempt  this  in  our  first  code  since  for  a  void  such  an  estimate  is  not 
relevant. 
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Having  selected  the  POFFIS  formalism,  we  have  a  choice  of  two  forms 
of  processing  the  scattering  data.  The  final  and  major  step  in  the  first 
approach  consists  of  a  three  dimensional  Fast  Fourier  Transform  (FFT)  from 
wave  number  space  back  into  physical  space.  When  we  seriously  considered 
implementing  this,  we  realized  that  the  spacing  for  the  transform  in  all  three 
dimensions  would  be  tied  to  the  (dense)  spacing  implied  by  the  original 
sampling  rate  in  time  used  to  gather  the  scattering  data.  This  struck  us  as 
being  unfortunate  on  two  grounds.  First,  the  FFT  would  be  of  large  size 
(typically  512  x  512  x  512)  and  second,  this  spatial  density  ignores  the  fact 
that  the  data  is  collected  much  less  densely  in  angular  spacing  than  it  is  in 
time  spacing  (the  time  spacing  ultimately  dictates  the  output  radial  spacing 
or  resolution).  We  soon  realized  that  the  reason  for  this  loss  of  control 
over  output  spacing  is  that  data  is  naturally  collected  with  respect  to  a 
spherical  geometry,  while  the  multi-dimensional  FFT  insists  on  a  rectangular 
grid.  This  latter  fact  also  meant  that  this  approach  required  a  data 
conversion  from  a  spherical  grid  to  a  rectangular  grid  which  would  add 
significantly  to  processing  time. 

Thus,  we  have  turned  to  a  second  approach  whose  final  and  major  step 
is  an  integration  over  the  unit  sphere.  We  had  earlier  put  aside  this  version 
of  the  POFFIS  algorithm  because  it  seemed  unlikely  that  such  a  multi¬ 
dimensional  numerical  integration  could  possibly  compete  with  the  all  powerful 
FFT.  However,  because  the  output  step  is  naturally  in  spherical  geometry  and 
thus  compatible  with  the  natural  method  of  data  collection,  we  re-examined 
this  approach  and  found  to  our  surprise  that  it  not  only  had  the  virtue  of 
mirroring  the  physics  more  intuitively,  but  was,  in  fact,  much  superior  with 
respect  to  operation  counts  than  the  FFT  approach  because  (1)  an  extra  step 
can  be  carried  out  analytically  rather  than  numerically  (essentially  a  data 
deconvolution  steo)  and  (2)  the  output  angular  spacing  is  no  longer  tied  to 
the  time  sampling  rate  (after  all  we  only  wish  to  "view"  the  interior  of  the 
sphere  from  a  relatively  few  aspects)  and  (3)  spherical  to  rectangular 
interpolation  is  not  needed. 

The  next  step  is  the  specification  of  the  particular  locations  to  be 
used  as  observational  angles  (transducer  locations)  and  viewing  angles 
(rotating  the  defect  information  to  simulate  particular  viewing  aspect).  The 
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specification  of  the  observation  latitude  and  longitudes  depends  on  what 
numerical  integration  schedule  we  use  to  integrate  over  the  unit  sphere. 

There  are  three  general  categories  of  such  schemes;  product  Gaussian  schemes, 
product  Lobatto  schemes,  and  various  ad  hoc  non-product  schemes  (which  may 
exhibit,  however,  beautiful  symmetry,  such  as  the  20-point  scheme  based  on  the 
vertices  of  the  regular  dodecahedron  or  the  62-point  scheme  based  on  the 
vertices  of  the  icosahedron,  the  vertices  of  the  reciprocal  dodecahedron  and 
the  midpoints  of  the  edges  of  the  icosahedron) .  The  literature  we  have  found 
is  conspicuously  silent  on  comparisons  among  these  three  types  when  a  roughly 
equal  number  of  observations  is  used.  Although  many  theoretical  formulae 
exist  for  numerical  integration  over  the  surface  of  a  sphere,  error  estimates 
are  simply  not  available.  Only  experimentation  with  the  code  can  determine 
the  particular  scheme  and  density  of  laboratory  observations  required  to 
produce  satisfactory  resolution  of  the  voids.  In  our  first  synthetic  runs  I 
am  going  to  use  the  9th  degree  product  Gaussian  formula  which  uses  the  50 
points  specified  by 

«  =  0°,  +  32.58° ,  +  64.98° 

P  =  +  18°.  +  54° ,  +  90°,  +  126°,  +  162°  (36°  spacing). 

We  will  undoubtedly  experiment  with  other  formulae  and  will  be  writing  to 
knowledgeable  people  in  the  cubature  field.  The  output  will  be  viewed  from 
three  orthogonal  aspects,  "straight-on",  "side",  and  "top". 

This  theoretical  work  has  now  been  completed  and  furthermore,  an 
algorithm  suitable  for  computer  implementation  has  been  developed.  The  coding 
and  key  punching  is  also  virtually  completed  and,  within  the  next  few  days,  we 
will  begin  debugging  our  code  using  very  simple  synthetic  data. 

Future  Work 

Once  this  work  has  been  completed,  our  next  objective  will  be  to  run 
the  code  on  experimental  data  and  to  adopt  the  code  to  limited  aperture 
observations . 
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APPLICATION  OF  ADAPTIVE  LEARNING  NETWORKS  TO  ESTABLISH 
RELATIONSHIPS  BETWEEN  ANALYTICAL  AND  EMPIRICAL  NDE  METHODS 

Anthony  N.  Mucciardi 
Adaptro^ics,  Inc. 

McLean,  Virginia  22101 

Introduction 

The  main  objectives  during  this  reporting  period  were  to:  (1)  define 
the  work  tasks  for  FY  1978  and  1979,  (2)  extend  the  ultrasonic  waveform 
features  (i.e.,  parameters)  to  include  the  "long  wavelength"  features,  and  (3) 
begin  testing  of  the  "extended  quasi-static  model"  as  a  means  of  generating  a 
new  synthetic  data  base  for  ALN  training. 

Technical  Progress 

A  meeting  was  held  at  the  Rockwell  Science  Center  on  September  22, 
1977,  during  which  new  theoretical  results  were  reviewed  and  statements  of 
work  were  prepared  for  each  of  the  principal  investigators  for  the  two-year 
period  October  1,  1977,  to  September  30,  1979. 

Work  was  begun  on  constructing  a  computer  program  to  compute 
automatically  long  wavelength  features.  These  include  the  coefficients  of  the 
f2  and  f4  terms  as  well  as  other  frequency-dependent  parameters.  The 
upper  limit  of  ka  for  which  the  magnitude  spectrum  features  will  be  computed 
will  also  be  determined  as  part  of  this  same  program. 

The  computer  program  implementing  the  extended  quasi-static  model 
was  received  from  J.  Gubernatis  on  December  8,  1977.  Test  runs  were  made  that 
matched  exactly  the  correct  results  that  were  sent  by  Gubernatis  along  with 
the  program. 

Plans  for  January-June  1978 

The  following  activity  is  planned  for  the  next  semiannual  period: 

The  long  wavelength  feature  program  will  be  completed  and  tested. 

Its  properties  will  be  studied  as  a  function  of  defect  size,  shape,  and 
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orientation  variations.  These  features  will  be  added  to  the  list  that  was 
used  previously. 

The  Gubernatis  program  will  be  thoroughly  tested  and  compared  to  the 
results  given  by  the  Born  approximation  under  identical  tests  conditions.  The 
extended  quasi-static  results  will  also  be  compared  to  experimental 
observation  wherever  possible.  Upon  completion  of  the  testing  phase,  a  data 
base  will  be  generated  for  spheres  and  spheriods. 

Adaptive  Learning  Network  (ALN)  models  will  be  trained  to:  (a) 
classify  the  scattering  data  into  one  of  three  mutually  exclusive  classes  -- 
sphere,  oblate  spheriod,  or  prolate  spheriod  —  and,  (b)  predict  the  defect 
size,  shape,  and  orientation  after  the  classification  step. 

Near  the  end  of  this  period,  experimental  data  from  L.  Adler  will  be 
used  in  the  ALN  models  to  test  the  system  on  all  three  volumetric  scatterers. 
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PROJECT  I,  UNIT  C,  TASK  5 


DETERMINATION  OF  FRACTURE  MECHANICS 
PARAMETERS  FROM  ELASTIC  WAVE  SCATTERING 
MEASUREMENTS  AT  LOW  FREQUENCIES 

R.  K.  Elsley,  J.  M.  Richardson,  R.  B.  Thompson 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


Introduction 

A  number  of  techniques  have  recently  emerged  for  the  determination  of 
fracture  related  parameters  of  defects  from  measured  ultrasonic  fields.  One 
of  the  newest  of  these,  and  perhaps  the  most  unexpected,  is  the  observation 
that  considerable  information  can  be  derived  from  ultrasonic  scattering 
measurements  in  which  the  wavelength  is  large  with  respect  to  the  flaw  size. 
From  the  familiar  concept  of  resolution  of  an  image,  one  would  expect  to 
obtain  little  useful  information  under  such  conditions.  However,  the  elastic 
nature  of  the  ultrasound-flaw  interaction  leads  directly  to  results  that  are 
quite  in  constrast  to  this  overly  simple  point  of  view. 

Here,  we  summarize  recent  progress  on  the  demonstration  of  the 
feasibility  and  usefulness  of  low  frequency  scattering  of  elastic  waves  in  the 
context  of  nondestructive  evaluation.  The  scope  of  the  present  program 
entails  the  estimation  of  a  certain  crucial  parameter  in  fracture  mechanics 
(the  stress  intensity  factor  kj)  from  longitudinal-to-longitudinal 
scattering  data  extrapolated  to  low  frequencies.  This  estimate  is  made  under 
the  simplifying  assumption  that  the  defect  is  a  single  spheriodal  void.  The 
size,  shape,  and  orientation,  as  well  as  a  fracture  critical  parameters  of  the 
defect  are  determined. 

Before  considering  the  detailed  results,  it  is  important  to  ask: 

What  advantages  would  such  an  approach  have  relative  to  other  approaches  for 
defect  characterization?  The  following  points  can  be  made  in  its  favor: 

(1)  The  theory  of  the  scattering  of  elastic  waves  at  low  frequencies 
is  well  established  for  the  case  of  ellipsoidal  inclusions  and 
voids.  Thus,  the  inverse  scattering  problem  for  this  class  of 
scatterers  is  quite  tractable.  At  higher  frequencies,  this  is 
not  the  case. 
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(2)  Low  frequency  measurements  are  sensitive  only  to  the  overall 
shape  and  size  of  the  defect  and  not  to  small  textural  details. 
This  is  also  the  information  of  importance  in  fracture. 

(3)  Low  frequency  scattering  measurements  are  particularly  sensitive 
to  cracks  compared  with  other  scatterers  (e.g.,  inclusions  of 
the  same  volume  or  even  the  same  area).  In  particular,  the 
scattering  measurements  are  significantly  more  sensitive  to  a 
large  crack  than  to  a  number  of  small  cracks  with  the  same  total 
area. 

(4)  The  elastic  processes  involved  in  low  frequency  scattering  are 
intimately  related  to  those  involved  in  the  early  stages  of  the 
fracture  process  (at  least  in  most  metals)  as  has  been  pointed 
out  by  Budiansky  and  Rice.(l)  A  further  advantage  is  that  the 
relevant  stress  intensity  factor  is  proportional  to  the 

1/6  power  of  the  scattering  amplitude,  yielding  thereby  a 
substantial  reduction  of  variance  in  the  estimation  process,  a 
fact  emphasized  by  Kino.(2) 

Of  course,  there  are  also  disadvantages.  Some  of  these  are: 

(1)  Relatively  complex  post -experiment  data  processing  is  involved 
in  deducing  the  low  frequency  scattering  characteristics. 
However,  the  main  problems  appear  to  be  satisf actori ly  solved  as 
described  in  this  report. 

(2)  A  significant  problem,  not  yet  confronted,  is  the  isolation  of 
each  dominant  scatterer  from  competing  scatterers  in  taking  the 
low  frequency  limit. 

This  will  be  discussed  at  greater  length  in  the  last  section. 

The  total  procedure  is  represented  by  the  block  diagram  presented  in 
Fig.  1.  The  structure  of  this  diagram  is  organized  to  reflect  the  present 
discussion,  with  individual  experimental  and  theoretical  procedures 
represented  as  "black  boxes."  Two  kinds  of  data  flow  are  indicated.  The 
solid  line  represents  the  data  flow  that  exists  in  an  operational  system  in 
which  the  flaw's  properties,  and  its  severity  from  the  point  of  view  of 
failure,  are  determined  from  the  experimental  data.  The  dashed  branches 
indicate  an  alternate  path  used  in  the  research  phase  to  verify  that  the 
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individual  theoretical  and  experimental  components  are  valid  and  properly 
function ing . 

The  first  step  is  the  experimental  measurements  of  scattered 
waveforms,  V(t),  from  the  unknown  part.  It  is  also  very  helpful  to  obtain  a 
calibration  waveform  V°(t)  from  a  similar  part,  with  no  flaw.  These  are 
then  processed  to  estimate  the  parameter  A2(exp)  which  is  the  coefficient  of 
thea>2  term  in  a  frequency  expansion  of  the  scattering  amplitude. 

A  sufficiently  extensive  set  of  these  numbers  must  be  calculated  for 
a  corresponding  set  of  scattering  configurations.  This  set  of  values  of 
A2(exp)  constitute  the  input  to  the  inversion  box  whose  function  is  to 
produce  a  best  estimate  x  of  the  set  of  parameters  (represented  by  the 
vector  x)  characterizing  the  spheroidal  void.  The  inversion  box  essentially 
makes  a  best  least  square  fit  of  the  set  of  theoretical  values  of  A2  to  the 
set  of  experimental  values.  In  doing  so,  it  must  communicate  bilaterally  with 
the  box  labelled  scattering  theory,  sending  tentative  sets  of  parameter  values 
x'  and  receiving  corresponding  values  The  box  labelled  fracture 

mechanics  estimates  from  x  quantities  of  significance  in  the  prediction  of 
failure.  In  the  present  case  we  have  chosen  k j ,  a  normalized  stress 
intensity  factor  for  mode  I  applied  stress  (i.e.,  uniaxial  tension  along  the 
symmetry  axis  of  the  spheriodal  void).  In  the  future  a  more  extensive  set  of 
fracture  mechanics  parameters  will  be  considered.  The  estimates  and  a 
posteriori  variances  of  these  parameters  should  provide  enough  information  to 
enable  a  future  decision  algorithm  to  produce  an  accept  vs  reject  decision. 

The  data  flows  in  the  last  paragraph  are  of  the  kind  that  would  occur 
in  an  operational  system.  As  stated  earlier,  we  are  also  interested  in  data 
flows  (represented  by  dotted  lines)  involved  in  the  verification  of  parts  of 
the  overall  system.  In  Fig.  1,  we  illustrate  an  example  of  such  data  flows  in 
connection  with  the  verification  of  the  scattering  experiments.  Here  the  true 
known  value  of  x  (characterizing  the  spheriodal  void)  is  fed  into  the  box 
labelled  scattering  theory.  The  exact  theoretical  values  of  A2  are  then 
compared  with  the  experimental  values  of  (exp). 
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Theory  of  Scattering  of  Elastic  Waves  at  Low  Frequencies 

In  this  section  we  discuss  the  basic  scattering  theory  "box,"  i.e., 
those  principles  which  relate  the  flaw  parameter  vector  x  to  the  long 
wavelength  scattering  coefficient,  A2. 

The  longitudinal-to-longitudinal  scattering  of  elastic  waves  from  an 
arbitrary  scatterer  is  described  by  the  scalar  scattering  amplitude 
A  =  A(es,  (T.w)  where  e3  is  the  scattered  (observer)  direction,  T*  is 
the  incident  direction,  and  a>  is  the  frequency  (expressed  in  radius  per  unit 
time).  This  scattering  amplitude  can  be  expanded  in  a  power  series  in  w  in 
the  following  form: 

A  =  A^2  +  iA3^3  +  A4^4  +  iA^5  +  .  .  .  (1) 

where  the  An  are  real  and  are  independent  of  a),  i.e., 

An  =  An(es,  e1)-  The  vanishing  of  Aq  and  A^  is  a  general  property 
of  localized  scatterers.  If  the  scatterer  has  inversion  symmetry  about  the 
origin,  then  A3  also  vanishes,^)  but  this  queston  need  not  concern  us 
here.  The  absolute  value  of  A  can  also  be  expanded  in  powers  of  w  but  here 
only  even  powers  will  enter,  namely 

I A  |  =  a2“2  +  a4"4  +  .  .  .  (2) 

where,  of  course,  a2  =  | A2 1 • 

In  the  experiments  only  the  absolute  magnitude  | A2 I  is  yielded. 

Since  it  is  known  theoretically  that  A2  >  0  for  spheriodal  voids,  the 
absence  of  the  sign  of  A2  in  the  experimental  output  is  of  no  consequence. 
However,  this  may  be  a  serious  lack  in  the  case  of  more  general  scatterers. 

We  will  not  give  a  detailed  discussion  here  of  the  theoretical 
treatment (4-6)  0f  the  low  frequency  scattering  of  elastic  waves  from  general 
spheroidal  inclusions.  It  will  suffice  here  to  present  a  description  of  the 
input  and  output  of  the  computer  program  LOWSCATEL.  Actually,  the  input  is 
presently  given  in  a  form  suitable  for  general  ellipsoidal  inclusions  of 
isotropic  material  even  though  the  internal  algorithm  has  not  yet  been 
extended  beyond  the  spheroidal  case.  In  setting  up  a  framework  for  the 
description  of  the  input,  we  use  a  cartesian  coordinate  system  (x,y,z)  with 
the  associated  unit  vectors  ex,  e’y  and  ez.  The  principal  axes  of  the 
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ellipsoid  are  defined  by  the  mutually  perpendicular  vectors  u,  v,  and  w  and 
the  corresponding  semiaxis  lengths  are  directed  by  a,  b,  and  c.  The  material 
properties  of  the  host  material  are  the  density  and  the  two  Lame'  constants 
denoted  by  P,  a  and  /j.  and  the  corresponding  properties  of  the  inclusion  are 
denoted  by  P+&P,  A+Sa  and  /x+Sp.  In  the  case  of  a  void,  we  set  8P  =  -p, 
5A  =  -A  and  5p=  -p.  Finally,  we  must  include  the  set  of  incident  and 
scattered  wave  directions  defined  by  the  unit  vectors  "e1  and  es, 
respectively,  in  order  to  specify  the  configurations  of  interest.  The  output 
of  the  computer  program  is  simply  =  for  the  case  °f 

longitudinal-to-longitudinal  scattering  of  elastic  waves. 

In  the  particular  cases  of  interest  here,  we  took 

lT  =  e”x ,  "v=  ey,  w«  ez 

a  =  b  =  0.04  cm  and  c  =  0.02  cm 

P  =  4.42  gm  crrr^,  cg  =  0.634  cm  psec~l 
ct  =  0.303  cm  psec-! 

The  A  and  p  for  the  host  material  (titanium)  were  determined  from  the  above 
values  of  the  host  material  longitudinal  and  transverse  propagation 
velocities,  c^  and  ct,  respectively.  The  selected  sets  of  incident  and 
scattered  directions  will  be  indicated  in  section  IV  discussion  the  comparison 
of  theories  and  experiment. 

Experimental  Measurements 

A.  Apparatus 

The  long  wavelength  coefficient,  A2,  was  determined  experimentally 
using  the  "trailer  hitch"  samples  fabricated  during  previous  years  of  this 
program.  These  samples  consist  of  a  diffusion  bonded  piece  of  titanium  whose 
external  surface  is  machined  into  the  shape  of  a  sphere  on  a  pedestal.  At  the 
center  is  an  ellipsoidal  cavity  of  known  dimensions.  The  spherical  external 
surface  allows  measurements  to  be  made  at  nearly  any  angle  of  incidence  and/or 
scattering.  However,  these  angles  can  be  limited  in  a  particular  experiment 
to  simulate  the  finite  aperture  that  would  be  available  in  a  real  testing 
situation.  For  the  purpose  of  calibration,  a  sample  was  available  with  no 
defect  present. 
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Two  sets  of  measurements  have  been  made.  The  initial  set  (made  by 
Tittmannand  Morris)  used  a  special  purpose  fixed  bandwidth  (1/3  MHz) 
ultrasonic  spectrum  analyzer  capable  of  normalizing  ("deconvolving")  the 
properties  of  the  transducer  out  of  the  data.  The  pitch-catch  (2  transducer) 
measurements  made  with  this  apparatus  show  relatively  good  agreement  with 
theory.  The  latter  measurements  were  performed  using  a  Panametrics  5052PR 
Pulser  Receiver,  a  Biomation  8100  Transient  Recorder,  and  a  minicomputer  based 
Interpretive  Signal  Processor  language.  The  pulse-echo  measurements  thus  far 
made  in  this  manner  show  excellent  agreement  with  theory. 

In  both  cases,  cornmercially  available  5  MHz,  1/2  in.  diameter 
broadband  transducers  were  used. 

Measurements  were  made  on  samples  containing  a  400 /xm  spherical  void 
and  a  800ptm  x  400  Mm  oblate  spheroidal  void.  One  requires  ka  <  0.5  to  enter 
the  region  in  which  the  dominates  the  scattering  (see  Eq.  (1)),  and 
for  an  400Mm  diameter  void  this  corresponds  to  frequencies  below  2  MHz. 

Other  than  this  emphasis  of  low  frequencies,  the  measurement  of  the  long 
wavelength  scattering  properties  of  a  scatterer  is,  in  principle,  no  different 
from  the  intermediate  and  short  wavelength  measurements  performed  previously 
in  this  contract.  The  procedure  is:  (1)  interrogate  the  scatterer  with  a 
sound  pulse  containing  (among  others)  the  frequencies  of  interest,  (2)  analyze 
the  scattered  sound  pulse  to  determine  the  response  at  those  frequencies,  and 
(3)  estimate  the  desired  property  of  the  scatterer,  in  this  case,  the 
coefficient  of  w2.  Measurements  of  Ik?  at  a  variety  of  angles  about 
the  scatterer  are  taken  and  then  inverted  to  estimate  shape  and  size  of  the 
scatterer . 

If  the  scatterer  is  isolated  from  all  other  scatterers  (surfaces  of 
the  part,  other  defects,  welds,  etc.)  by  a  distance  of  many  times  its  own 
size,  then  interrogation  with  a  short  pulse  of  ultrasound  of  a  suitable 
frequency  will  give  a  measure  of  Aj.  However,  this  is  rarely  the  case. 

There  are  both  temporal  limitations  due  to  the  nearness  of  other  scatterers 
and  spatial  limitations  due  to  the  diffraction  of  low  frequency  sound.  These 
limitations  depend  on  the  geometry  of  the  part  being  tested.  These  problems 
are  discussed  and  solutions  to  them  presented  in  sections  B  and  C  below. 
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B.  Geometrical  Effects 

In  the  "trailer  hitch"  geometry,  a  primary  limitation  is  that  the 
diffraction  of  the  sound  causes  there  to  be  some  sound  energy  which  passes 
directly  from  the  transmitting  transducer  to  the  receiving  transducer  along  a 
chord  of  the  sphere.  Figure  2(a)  shows  the  path  of  the  defect  signal  (1)  and 
the  path  of  the  longitudinal  (2)  and  shear  (3)  components  of  this  so-called 
"direct  beam."  The  properties  of  these  direct  beams  are  discussed  below. 

1.  Longitudinal  Direct  Beam  -  The  longitudinal  component  arrives 
before  the  defect  signal  though  for  large  included  angles  between  transmitter 
and  receiver  (e.g.,  90°),  it  arrives  only  very  shortly  before  and, 
therefore,  interferes  with  the  defect  signal.  (For  an  included  angle  of 
180°,  of  course,  the  receiver  is  looking  directly  at  the  transmitter  and 
the  arrivals  of  direct  beam  and  defect  signal  are  simultaneous.)  Figure  3(a) 
shows  the  received  time  domain  waveform  for  a  45°  included  angle.  The 
longitudinal  direct  beam  pulse  occurs  between  the  points  marked  "X".  The 
beginning  of  this  pulse  occurs  when  sound  has  traveled  from  the  near  edge  of 
the  transmitting  transducer  to  the  near  edge  of  the  receiving  transducer 
("near-edges"  transit  time).  The  end  of  the  pulse  occurs  at  the  "far-edges" 
transit  time,  plus  the  duration  of  the  transmitted  pulse.  Figure  3(b)  shows 
the  arrival  time  of  the  longitudinal  direct  beam  versus  included  angle.  The 
dashed  line  is  the  arrival  time  of  the  defect  signal.  The  shaded  area  extends 
from  the  "near  edges"  time  to  the  "far  edges"  time  and  the  arrows  indicate  the 
duration  of  the  transmitted  pulse.  Thus  at  angles  above  90°,  there  is 
overlap  of  the  direct  beam  and  the  defect  signal. 

The  angular  and  frequency  content  of  the  direct  beam  are  determined 
by  the  following  factors:  (1)  the  diffraction  spreading  of  the  direct  beam 
from  the  transmitted  direction  is  larger  at  low  frequencies,  where  the 
transmitter  is  more  nearly  an  isotropic  source,  (2)  the  amplitude  of  the 
transmitted  signal  is  largest  at  the  center  frequency  of  the  transducer  and 
drops  to  zero  at  zero  frequency,  and  (3)  the  angle  between  the  normals  to  the 
faces  of  the  two  transducers  causes  the  longitudinal  direct  beam  to  be  small 
at  small  included  angles.  These  factors  combine  to  give  the  following 
dependencies:  at  a  given  angle,  the  direct  beam  is  strongest  at  some 
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frequency  below  the  center  frequency  of  the  transducer;  and  at  a  given 
frequency,  the  direct  beam  is  larger  at  larger  included  angles. 

2.  Shear  Direct  Beam  -  The  shear  component  of  the  direct  beam 
travels  slower  than  the  longitudinal  component  and  can,  therefore,  arrive 
simultaneously  with  the  defect  signal.  Figure  3(b)  shows  the  shear  direct 
beam  arrival  time  in  the  same  manner  as  it  does  the  longitudinal.  At  angles 
from  about  15°  to  90°,  the  shear  beam  arrives  simultaneously  with  the 
defect  signal.  In  Fig.  2(a),  the  direct  beam  is  present  between  the  points 
marked  "Y".  The  shear  beam  differs  from  the  longitudinal  in  that  it  is 
smaller  at  large  included  angles  and  vice  versa. 

Note  that  there  is  also  a  "direct  beam"  problem  in  the  commonly  used 
geometry  of  inspecting  an  immersed  part  through  a  flat  surface.  Figure  2(b) 
shows  a  front  surface  beam  (2)  which  arrives  shortly  before  the  defect  signal 
and  behaves  analogously  to  the  longitudinal  direct  beam  in  the  "trailer 
hitch."  In  either  case,  the  distance  of  the  defect  from  the  surface  is  the 
scaling  factor  for  how  closely  in  time  Jthe  various  signals  arrive.  In  the 
planar  geometry  (Figure  2(b)),  however,  there  is  no  analogy  to  the  shear 
direct  beam  with  its  simultaneous  arrival  at  small  angles. 

C.  Time-  and  Frequency-Domain  Processing  of  the  Signals 

As  indicated  above,  the  defect  signal  is  contaminated  by  both 
simultaneously  arriving  signals  (the  shear  direct  beam  and  the  tail  of  the 
longitudinal  direct  beam)  and  adjacent  (in  time)  but  rather  large  signals  (the 
longitudinal  direct  beam).  There  is  also,  in  contact  measurements  such  as 
these,  the  possibility  of  the  presence  of  a  tail  of  the  "main  bang"  (the  pulse 
which  excites  the  transmitter).  This  is  especally  true  for  pulse-echo  (i.e., 
single  transducer)  measurements  where  the  receiving  electronics  is  overloaded 
by  the  main  bang  and  may  take  a  substantial  time  to  recover. 

These  problems  have  been  overcome  by  (1)  careful  selection  of  the 
duration  and  frequency  content  of  the  transmitted  sound  pulse,  (2)  subtraction 
from  the  received  waveforms  of  a  reference  waveform  obtained  using  the  same 
measurement  geometry  but  applied  to  a  defect-free  part,  (3)  time  domain 
windowing  to  isolate  the  desired  portion  of  the  waveform,  and 
(4)  normalization  ("deconvolution")  of  the  frequency  spectrum  of  the  waveform 
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by  the  use  of  a  reference  spectrum  of  the  transmitted  pulse.  Each  of  these 
steps  is  described  below.  In  the  first  series  of  measurements,  step  2  was  not 
performed  and  steps  1  and  3  could  only  be  performed  in  a  crude  manner.  In  the 
later  measurements,  all  four  steps  were  performed. 

1.  The  Transmitted  Pulse  -  A  variety  of  commercial  transducers  were 
examined  to  determine  which  provided  the  best  compromise  between  having 
sufficient  low  frequency  (1  MHz)  energy  while  not  having  a  pulse  length  so 
long  that  the  various  signals  present  in  the  confined  geometry  of  the  trailer 
hitch  cannot  be  easily  separated.  It  was  found  that  transducers  of  frequency 
2.25  MHz  and  below  produced  pulses  which  were  too  long.  Not  only  were  their 
pulses  longer  due  to  the  longer  period  of  low  frequency  oscillations,  but  they 
were  also  more  underdamped  (more  cycles  per  pulse)  perhaps  due  to  the  fact 
that  a  constant  thickness  of  backing  material  is  fewer  wavelengths  thick  at 
low  frequencies. 

It  was,  therefore,  decided  to  use  higher  frequency  (5  MHz) 
transducers  because  of  their  short  pulse  duration  ("1/3  Msec)  and  to  make  the 
measurements  on  the  low  frequency  tail  of  the  transducer  spectrum.  In  other 
words,  by  the  use  of  spectrum  analysis,  it  is  possible  to  measure  the  response 
of  the  defect  to  waves  whose  periods  are  greater  than  1  Msec  by  the  use  of  a 
pulse  whose  duration  is  much  less  than  1  Msec. 

The  choice  of  the  pulsing  electronics  is  also  critical.  The 
Panametrics  5052PR  pulser  which  was  used  has  a  control  for  adjusting  the 
electrical  damping  of  the  transducer.  At  one  extreme  of  this  control,  the 
pulse  has  no  energy  below  3  MHz,  while  at  the  other  extreme,  there  is  10% 
amplitude  down  to  0.5  MHz.  On  the  other  hand,  for  pulse  echo  measurements, 
the  overloading  of  the  receiver  lasts  extremely  long  (10  Msec)  when  the 
damping  is  set  for  low  frequency  content.  The  damping  was,  therefore,  set  at 
an  intermediate  value  which  provided  a  good  compromise. 

?.  Subtraction  of  the  Direct  Beam  -  In  order  to  separate  coincident 
signals,  simple  time  gating  will  not  work.  Some  prior  knowledge  of  the 
interfering  signals  is  necessary.  Therefore,  in  order  to  eliminate  the  shear 
direct  beam  and,  at  large  included  angles,  the  longitudinal  direct  beam,  each 
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waveform  has  had  subtracted  from  it  a  "geometrical  reference  waveform" 
obtained  from  a  defect-free  sample  with  the  same  included  angle  between 
transmitter  and  receiver. 

Subtraction  processes  of  this  sort  are  limited  by  the  precision  with 
which  the  reference  geometry  reproduces  the  measurement  geometry. 

Fortunately,  small  positioning  errors  affect  the  low  frequencies  of  interest 
here  less  than  they  do  high  frequencies. 

The  subtraction  process  is  found  to  extend  to  substantially  lower 
frequencies  the  region  of  good  data. 

Note  that  in  the  commonly  used  geometry  of  inspecting  an  immersed 
part  through  a  flat  surface,  the  reference  signal  needed  for  subtraction  is 
simply  obtained  by  translating  the  transducers  to  an  adjacent,  defect-free 
region  of  the  part. 

3.  Time  Windowing  -  After  subtraction  of  the  geometrical  reference 
waveform,  the  portion  of  the  waveform  containing  the  defect  signal  is  isolated 
by  multiplication  by  a  shaped  window  which  is  zero  except  at  times  near  the 
defect  signal.  8oth  the  width  and  the  shape  of  the  window  are  important. 

The  width  of  the  window  is  dictated  by  the  following  considerations: 
If  the  window  is  substantially  wider  than  the  duration  of  the  defect  signal, 
then  adjacent,  unwanted  signals  will  be  included.  On  the  other  hand,  if  the 
window  is  narrower  than  the  defect  signal,  the  spectrum  of  the  defect  will  be 
distorted.  In  particular,  the  low  frequency  (long  period)  part  of  the 
spectrum  will  be  distorted  most.  The  form  of  this  distortion  will  be  as 
follows:  The  spectrum  of  the  defect  is  proportional  to  /2  at  low 
frequencies.  The  effect  of  a  window  is  to  convolve  this  /2  spectrum  by  the 
spectrum  of  the  window.  That  is,  each  point  in  the  spectrum  is  replaced  by  an 
integral  over  an  adjacent  region  of  the  true  spectrum  whose  width  is  of  order 
1  4-  the  duration  of  the  window.  Thus,  too  short  a  window  causes  the  higher 
frequency  part  of  the  spectrum  to  smear  into  the  low  frequency  part,  giving  a 
frequency  dependence  of  less  than  /2. 

The  duration  of  the  echo  signals  from  a  small  isolated  defect  is  of 
order  5  times  the  transit  time  of  sound  across  a  distance  equal  to  the 
diameter  of  the  defect,  or  about  Ins  for  an  800  *im  defect.  We  have. 
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therefore,  chosen  windows  which  have  a  full  width  at  half  maximum  of  1  ms  and 
a  full  width  at  zero  of  2  ms. 

The  window  shape  chosen  must  be  a  smooth  one  so  that  signals  present 
at  the  edge  of  the  window  do  not  cause  sidelobe  oscillations  in  the  spectrum. 

A  Hanning  window  was  chosen  for  this  purpose. 

4.  Spectral  Normalization  -  After  windowing,  the  spectrum  (Fourier 
transform)  of  the  signal  is  obtained  and  divided  by  the  spectrum  of  the 
incident  sound  pulse  in  order  to  remove  the  properties  of  the  transducers  and 
pulser.  The  reference  spectrum  is  obtained  by  placing  the  transmitter  and 
receiver  on  opposite  sides  of  a  defect-free  trailer  hitch,  aimed  directly  at 
one  another. 

The  coefficients  ofw  2  were  extracted  from  the  slope-of-two,  low 
frequency  region  of  a  log-log  plot  of  the  spectrum. 

Comparison  of  Theory  and  Experiment 

We  turn  now  to  a  comparison  of  the  theoretical  and  experimental 
results.  As  stated  earlier,  both  pitch-catch  and  pulse-echo  types  of 
scattering  measurements  are  considered.  In  Figs.  4  and  5  the  geometries  and 
associated  notation  pertaining  to  these  types  are  presented. 

Figure  4(a)  shows  the  geometrical  setup  in  which  the  incident  beam 
propagates  in  the  negative  z-direction  (the  z-axis  is  chosen  as  the  axis  of 
symmetry  of  the  spheroid).  Figure  4(b)  shows  the  case  in  which  the  incident 
beam  propagates  in  a  direction  45°  away  from  the  z-axis.  In  both  cases 
all  of  the  scattering  (i.e.,  observer)  directions  chosen  in  the  experiments 
are  coplanar  with  each  other  and  with  the  incident  direction  (i.e.,  there  is  a 
single  scattering  plane  common  to  all  experiments).  In  the  first  case 
(Fig.  4(a)),  the  scattered  direction  is  defined  by  the  polar  angle  6  as 
shown.  In  the  second  case  (Fig.  4(b)),  the  scattered  direction  is  defined  by 
the  angle  y  between  the  incident  and  scattered  directions  in  the  manner 
illustrated,  with  positive  values  of  y  correspond  to  situations  in  which  the 
scattered  direction  is  oriented  counterclockwise  (in  the  plane  of  the  figure) 
from  the  incident  beam.  Clearly,  in  the  case  of  a  spherical  void,  all 
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incident  directions  are  equivalent  and  thus  only  the  configuration  shown  in 
Fig.  4(a)  need  be  considered. 

In  Fig.  5  the  geometry  of  the  pulse-echo  type  of  measurement  is 
shown.  Here  the  common  angular  position  of  the  "points"  of  entry  and  exit  of 
the  incident  and  scattered  waves,  respectively,  is  defined  by  the  polar 
angle  d.  A$  is  the  previous  case  the  measurements  are  confined  to  a  single 
scattering  plane. 

We  first  discuss  the  pitch-catch  measurements  obtained  by  Tittmann 
and  Morris  several  months  ago.  The  absolute  value  of  deconvolved  experimental 
results  (appropriately  densitized)  were  extrapolated  from  a  range  of 
frequencies  for  which  they  were  valid,  to  low  frequencies  to  obtain  a  quantity 
that  is  proportional  to  ( A2 1  *  Theproportional ity  factor  enters  because  of 
the  calibration  experiments  used  to  normalize  the  data  for  variation  in  the 
transducer  efficiency  have  slightly  different  diffraction  properties  than  the 
scattering  measurement.  Assuming  that  the  porportionality  factor  is  the  same 
for  all  experiments,  we  can  obtain  this  factor  by  comparison  of  a  set  of 
control  experiments  with  theory.  For  the  latter,  scattering  from  a  spherical 
void  of  400 jum  diameter  was  chosen.  The  results  are  presented  in  Table  I  for 
the  configurations  of  Fig.  4(a)  corresponding  to  B  -  35°,  45°, 

55°,  65°,  and  75°.  The  results  are  denoted  by /3"^A2  where  B 
is  the  experimental  proportionality  factor.  Actually,  as  stated  before,  the 
absolute  value  /3~^ I A2 1  is  measured,  however,  since  A2  is  known  to  be 
positive,  the  absolute  value  symbol  |»j  will  be  dropped.  The  experimental 
values  of /3'^A2  given  in  the  third  column  of  Table  I  are  divided  into  the 
theoretical  values  of  A2  given  in  the  second  column  to  yield  the  values  of  /3 
given  in  the  fourth  column.  The  average  value  of  these  last  results  turned 
out  to  be  3.03  x  10“2,  a  value  used  for  converting  all  experimental  results 
into  meaningful  values  of  A2  expressed  in  the  units:  cm  /xsec^.  The 
comparison  of  the  experimental  and  theoretical  values  of  A2,  given  in  the 
second  and  fifth  columns  of  Table  I  are  shown  graphically  in  Fig.  6.  The 
agreement  of  the  sample-average  values  is,  of  course,  tautological.  However, 
the  agreement  of  trends,  which  is  not  tautological,  can  be  seen  to  be  quite 
satisfactory. 


TABLE  I 
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SCATTERING  FROM  A  SPHERICAL  VOID 
DETERMINATION  OF  EXPERIMENTAL  FACTOR  P 
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(3  =  5=0  =  0.02  cm,  e"*  =  -e2,  =  exSintf  +  "e2 
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It  is  worthy  of  note  that  the  experimental  proportional ity  factor  f3 
can  be  determined  theoretically  with  the  result: 

o-  R 

P'  strz 

in  which  R  is  the  radius  of  the  sphere  in  Fig.  1  and  where  a  factor  of  (2tt)2 
in  the  denominator  comes  from  the  conversion  of  frequency  in  cycles  per  unit 
time  to  radians  per  unit  time.  Since  R  =  1.1  in  =  2.79  cm,  we  obtain 
l 3 =  0.035  cm  which  compares  surprisingly  well  with  the  experimental  value 
0.0303. 

In  Table  II  we  give  the  experimental  results  /3“^A2  and  the 
corrected  results  A2  for  the  configurations  of  Fig.  1(a)  with  9  =  35°, 

45°,  55°,  65°,  75°,  85°,  and  90°  for  an  oblate 

spheroidal  void.  It  is  assumed  that  the  same  value  of  /3  applies.  The 
comparison  with  the  theoretical  values  of  A2  is  very  good  if  the  points  for 
/3  =  35°  and  45°  are  omitted.  The  rather  significant  deviations  at  the 
latter  values  of  9  are  believed  to  involve  a  substantial  systematic  component 
which  is  presumably  due  to  the  spurious  propagation  effects  discussed  in 
section  B  above.  The  comparison  is  also  shown  graphically  in  Fig.  6. 

In  Table  III  we  give  the  experimental  results  2  and  the 

corrected  results  A2  for  the  configurations  of  Fig.  4(b)  with  y  =  -65°, 

-55°,  -45°,  -35°,  35°,  45°,  55°,  65°,  75°, 

and  85°  for  the  same  spheroidal  void.  The  comparison  with  the  theoretical 
values  of  A2  shows  even  more  signficant  systematic  deviations  which  are 
clearly  evident  in  Fig.  7.  It  is  evident  that  the  amplitudes  of  scattered 
waves  emerging  near  the  "north  pole"  (i.e.,  y  roughly  in  the  neighborhood  of 
45°)  are  too  large  while  the  amplitudes  of  scattered  waves  emerging  near 
the  "equator"  are  too  small. 

We  turn  now  to  a  discussion  of  the  recent  pulse-echo  measurements 
obtained  by  Elsley  and  Nadler.  Their  results  are  compared  with  theory  in 
Table  IV  and  Fig.  8.  The  comparison  is  surprisingly  good  with  a  relative 
error  of  only  3.9%.  It  must  be  emphasized  that  we  have  used  the  old  value  of 
the  experimental  factor  /j,  namely  0.0303.  An  adjustment  of  this  value  would 
bring  down  the  relative  error  to  2.8%.  It  is  clear  that  these  measurements 
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TABLE  II 

SCATTERING  FROM  A  SPHEROIDAL 
VOID  (CONFIGURATIONS  OF  FIGURE  4(a) 

(a  =  b  =  0.04  cm,  c  =  0.02  cm,  ei  =  -ez,  "es  =  ex  sin0+e’2  cos#  ) 


d  (deg) 

Theory 

Experiment  ] 

j3_1A2 

0 

1.402  x  10-4 

_ - 

_ 

35 

1.197 

47.8  x  10-4 

1.45  x  10-4 

45 

1.085 

40.3 

1.22 

55 

0.968 

31.0 

0.94 

65 

0.856 

28.8 

0.87 

75 

0.759 

28.1 

0.85 

85 

0.685 

22.0 

0.67 

90 

0.658 

21.2 

0.64 

SC595.32SA 


TABLE  III 

SCATTERING  FROM  A  SPHEROIDAL 
VOID  (CONFIGURATIONS  OF  FIGURE  4(b) 

b  =  0.04  cm,  c  =  0.02  cm,  ei  =  -ex,  ei  =  ex  sin  45  -  e2  cos  45° 
es  =  ex  ow  (45°  -y)  +  ez  cos  (45°  -y)) 


Theory 


Experiment 


/3_1A2 

0.732  x  10-4 

22.5  x  10“4 

0.68  x  10~4 

0.793 

20.6 

0.62 

0.869 

22.2 

0.67 

0.951 

26.0 

0.79 

1.154 

45.9 

1.39 

1.085 

40.3 

1.22 

0.997 

30.9 

0.94 

0.898 

36.0 

1.09 

0.796 

36.0 

1.09 

0.699 

25.6 

0.76 
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TABLE  IV 

SCATTERING  FROM  A  SPHEROIDAL  VOID 
PULSE-ECHO  CASE 


(a  =  b  =  0.04  cm,  c  =  0.02  cm,  -ei 


es  =  ex  sin  d 


-  e,  cos#  ) 


:xperiment 


2 

#(deg)  ^  (cm  Msec  ) 

0  1.402  x  10-4 

15  1.374 

30  1.296 


/3*1A2  (dB) 


-47.5 

-47.65 


Ag  (cm  Msec^) j 
1.4  x  10-4  j 


1.189 
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Figure  M.  Pulse-echo  measurements  of  scattering  from  spheroidal  void. 
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are  less  vulnerable  to  the  kinds  of  systematic  error  involved  in  the  earlier 
pitch-catch  measurements. 


Inverse  Scattering  and  Fracture  Mechanics 

In  the  present  section  we  discuss  the  inversion  procedure  employed  in 
deducing  the  geometrical  parameters  of  the  spheroidal  void  from  the  scattering 
data.  We  also  include  a  short  discussion  of  the  calculation  of  the  stress 
intensity  factor  kj.  For  the  purpose  of  inversion  we  assume,  of  course, 
that  we  do  not  know,  a^  priori ,  the  geometrical  parameters— only  that  we  know 
that  the  scatterer  is  a  spheroidal  void  of  some  kind.  The  material  properties 
of  the  host  material  are  assumed  known  and  have  the  values  listed  in 
Section  II. 

We  will  pursue  a  probabilistic  approach  to  the  problem  in  which  we 
start  with  a  statistical  ensemble  of  scatterer  properties  and  measurement 
errors  and  then  remove  the  members  inconsistent  with  the  scattering  data 
obtained  from  the  measurements.  The  best  estimates  of  the  geometrical 
properties  of  the  spheroidal  void  are  then  the  average  or  most  probable  values 
of  these  properties  in  the  resultant  reduced  ensemble.  The  a  posteriori 
variances  of  these  properties  (i.,e.,  the  variances  in  the  reduced  ensemble) 
are  used  as  a  measure  of  significance  or,  equivalently,  the  "leverage"  exerted 
by  the  scattering  data  on  the  properties  of  the  scatterer. 

Let  us  model  the  possible  results  of  the  th  scattering  measurement 
(assumed  in  all  cases  to  be  longitudinal-to-longitudinal )  by  the  stochastic 
expression: 

yn  =  Mx)  +  yn»  n  =  1.  •••»  N  (1) 


where  yn  is  a  possible  measured  value  and  vn  the  measurement  error.  The 
function  fn(x)  is  given  by 


f  (x) 
n v  ' 


Ven 


-r  S  -*  l 


x) 


(2) 


where  A2(e’s,  ’ei  ;x)  is  the  coefficient  ofw2  in  the  w-expansion  of  the 
longitudinal-to-longitudinal  scattering  amplitude  A("es,  e^ ,  a> ;  x)  as 
discussed  in  Section  II.  The  unit  vector ‘e"i  and  esdefine  the  directions  of 
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the  incident  and  scattered  longitudinal  elastic  waves.  The  subscript  n  added 
to  these  vectors  denotes  the  configuration  used  in  the  nth  measurement.  The 
vector  x  represents  the  geometrical  properties  of  the  void.  In  the  spheroidal 
case  we  assume  that  the  semi-axis  lengths  are  denoted  by  a,  a  and  c  and  that 
the  axis  of  symmetry  is  given  by 

w  =  e  y  +  e  y  +  e  y/l  -  Y  2  -  V  2  (3) 

X  '  X  y  y  ^  T  x  y  >  * 

where  ex,  'ey  and  ez  are  the  unit  vectors  in  the  x,  y  and  z  directions 

and  where  7  and  y  are  the  direction  cosines  associated  with  the  x  and  y 
x  y 

directions.  Thus  the  vector  x  is  given  by 


It  is  to  be  stressed  that  the  Cartesian  coordinates  (x,y,z)  are  defined  in  the 
laboratory  fr*„ie  of  reference  and  have  no  necessary  relation  to  the  axis  of 
symmetry  of  the  spheroid. 

The  definitions  of  the  stochastic  model  is  completed  by  the 
specification  of  the  a^  priori  statistical  properties  of  x  and  the  vn  and  is 
characterized  by  the  probability  density  (p.d.)  P(x).  The  measurement  errors 
vn  are  assumed  to  be  Gaussian*  random  variables  with  the  properties 

E  "n  =  0  (5) 

E  vr\  vr\ ’  =  §nn  1  (6) 

where  E  is  the  averaging  (or  expectation)  operator  in  the  a  pr iori  sense. 


M he  assumption  of  Gaussianity  is  inconsistent  with  the  assumption  that  yn 
and  fn  are  positive.  However,  this  is  unimportant  if  fn/<rp  >-»  1. 
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Whatever  is  chosen  for  the  criterion  of  performance  of  the  estimation 
process,  we  must  calculate  the  observational ly  conditioned  p.d.  of  x  given  by 

P(xiy)  =  P(y I x) P(x)/P(y)  (7) 


where 


y  = 


(8) 


and  where 


P(y)  =J  dx  P(y|x)P(x) 


(9) 


From  the  previous  assumptions  we  obtain 


log  P(yjx)  = - V  +  const. 

2a./ 


(10) 


where 


n 

♦■Ik  -  fn<x/ 


(11) 


n=l 


is  the  sum  of  squares  of  the  deviations  of  the  yn  from  the  functions  fn(x) 
Let  us  consider  the  mean  square  criterion  of  optimality 


6=  E(x-x)T  W(x-x) 


(12) 
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where  x  =  x(y)  is  the  estimator  of  x  and  where  W  is  a  symmetric  positive- 
definite  matrix  of  weighting  factors.  The  minimum  of  e  with  respect  to  the 
functional  form  of  x(y)  is  given  by  &  posteriori  average 

x(y)  =  E(x|y) 

=  Idx  x  P(x|y)  (13) 

where  P(x|y)  is  given  by  (7).  We  will  use  the  a  posteriori  covariance  matrix 
defined  by 


Cov(x|y) =  E(x  xT|y)  -  E(x|y)E(xT|y)  (14) 

as  the  measure  of  confidence  or  significance.  This  tells  us  how  much  the 
a  priori  p.d,  P(x)  is  "narrowed  down"  by  the  experimental  factor  P(yjx)  in 
(7).  In  other  words,  how  much  "leverage"  the  experimental  data  has  on  the 
scatterer  parameters  defined  by  x. 

In  the  explicit  computations  we  made  several  approximations.  The 
first  was  approximating  the  a  posteriori  average  by  a  posteriori  mode,  i.e., 

x  =  E(x|y)  ^  xmax  (15) 

where  xmax  is  the  value  of  x  for  which  P(x|y)  is  a  maximum.  Alternatively, 
we  could  use  a  different  optimality  criterion,  in  terms  of  which  the  mode  is 
exact.  The  second  approximation  is  the  computation  of  the  a  posteriori 
covariance  by  expanding^,  defined  by  (11),  in  a  power  series  about  the  point 

xmax  and  ignoring  terms  higher  than  quadratic. 

The  first  set  of  estimates  were  made  with  pitch-catch  data  as 
inputs.  We  considered  both  noiseless  theoretical  data  and  actual  experimental 
data  summarized  in  Table  II.  From  the  latter  set  of  data  we  have  selected 
three  different  subsets  in  order  to  elucidate  the  effects  of  the  systematic 
errors  occurring  at  relatively  small  polar  angles.  Explicitly,  we  have  used 
data  corresponding  to  the  following  sets  of  angles: 

case  (a):  0  =  55’,  65’,  75%  85%  90% 
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case  (b):  0  =  45\  55°,  65%  75%  85%  90%  and 
case  (c):  6=  35%  45%  55%  65%  75%  85%  90’ 

In  Table  V  we  present  estimates  of  a,  c,  yx  and  jy  based  upon  the  above 
data  subsets.  For  the  sake  of  verification,  we  also  present  estimates  based 
upon  theoretical  noiseless  test  data.  The  estimates  based  on  actual 
experimental  data  compare  surprisingly  well  with  the  exact  values,  even  in 
spite  of  the  effects  of  systematic  error. 

In  Table  VI  are  given  the  a  posteriori  standard  deviations  of  the 
scatterer  parameters  (i.e.,  the  square  roots  of  the  diagonal  elements  of 
Cov(x|y)  defined  by  (14)).  appropriately  normalized.  In  the  case  of  the 
semi -axis  lengths  a  and  c  we  divide  their  respective  standard  deviations  by 
their  best  estimates.  In  the  case  of  the  dimensionless  direction  cosines  yx 
and  jy  such  normalization  seems  to  be  unnecessary.  In  these  computations, 
the  r.m.s.  experimental  error  is  assumed  to  have  the  value  ov=  10-5 
(corresponding  to  an  approximate  relative  r.m.s.  relative  error  of  10%).  In 
the  cases  where  the  experimental  data,  synthetic  or  actual,  is  confined  to  a 
single  scattering  plane  (assumed  to  be  the  xz-plane  in  our  coordinate  system), 
the  standard  deviations  of  yy  (the  cosine  of  the  angle  between  yaxis  and 
the  symmetry  axis  of  the  spheroid)  is  omitted  because  the  approximation 
involved  in  its  computations  is  not  valid.  In  the  last  column  two  orthogonal 
scattering  planes  are  assumed  in  the  preparation  of  noiseless  theoretical  test 
data.  In  this  case  the  computed  standard  direction  of  Jy  is  meaningful  and 
is  therefore  included. 

It  may  appear  inconsistent  to  present  _a  posteriori  standard 
deviations  based  on  noiseless  theoretical  test  data.  It  must  be  pointed  out 
that  the  standard  deviations  of  x  are  actually  based  upon  the  model  (1)  with 
the  associated  assumptions  (5)  and  (6)  giving  the  statistical  nature  of  the 
experimental  errors.  The  variance  of  the  experimental  errors  is  determined 
from  an  independent  comparison  of  experiment  with  theory  and  not  from  the 
input  data  used  in  the  estimation  procedure. 

We  turn  next  to  a  consideration  of  estimates  based  upon  pulse-echo 
data.  Here  we  use  the  actual  experimental  data  and  noiseless  theoretical  test 
data  summarized  in  Table  IV  of  the  last  section.  In  Table  VII  we  present 
estimates  of  the  scatterer  parameters  a,  c,  y*  and  Ty  for  both  kinds  of 
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(s .d.a)/a 
(s.d.c)/c 
s.d.  yx 
s.d.  yv 
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TABLE  V 

ESTIMATES  BASED  ON  PITCH-CATCH  MEASUREMENTS 


Para¬ 

meter 

Exact 

a 

n 

c 

Tx 

0 

yy 

TABLE  VI 


NORMALIZED  STANDARD  DEVIATIONS  (A  POSTERIORI) 
(A  SUMMARY  OF  ESTIMATES  BASED  ON  PITCH-CATCH 
MEASUREMENT  ERROR  =  1x10-5) 


0.155 

1.09 

0.50 


0.071 

0.62 

0.28 


Estimates  1 

Experimental 
Data  (a) 

Experimental 
Data  (b) 

Experimental 
Data  (c) 

Exper imental 
Test  Data 

.037 

.029 

T.lxlO-6 

0 

.041 

.018 

9x10-6 

0 

.043 

.016 

14x10-6 

0 

.03999 

.02001 

-8x10-9 

0 

i 

).  21 

0.16 

L.28 

0.95 

).54 

0.43 

- 

0.43 
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TABLE  VII 


ESTIMATES  BASED  ON  PULSE-ECHO  MEASUREMENTS 


Estimates 


Para¬ 

meter' 

Exact 

Experimental 

Data 

Theoretical 

a 

0.0400 

0.03947 

0.04000 

c 

0.0200 

0.01999 

0.02000 

Tx 

0 

-1.24xl0-5 

2.3x10-5 

yy 

0 

- 

0 

0 

input  data.  The  agreement  between  the  estimates  based  on  actual  experimental 
data  and  the  exact  parameter  values  is  unbelievably  good  and  must  be  regarded 
as  partially  accidental.  But  it  is  perhaps  also  due  to  the  fact  that  it 
appears,  as  we  will  discuss  later,  that  the  pulse-echo  data  has  considerably 
better  "leverage"  on  the  scatterer  parameters  than  does  the  pitch-catch  data. 

In  Table  VIII  we  give  the  normalized  standard  directions 
(a  posteriori )  of  the  scatterer  parameters  in  the  present  case  of  pulse-echo 
measurements.  In  the  second  and  third  columns  are  listed  the  values  of  these 
quantities  based  on  actual  experimental  and  on  noiseless  theoretical  test 
data,  respectively.  In  these  computations,  we  assume  that  the  r.m.s. 
experimental  error  has  the  value  crv  =  0.46  x  10-5,  a  result  based  upon  the 
deviations  between  experimental  and  theoretical  results  discussed  in  the  last 
section.  It  is  to  be  noted  the  relative  standard  deviation  of  the  long 
semi-axis  length  a  is  only  about  1.6%.  The  corresponding  quantity  for  the 
short  semi-axis  length  c  is,  as  usual,  many  times  larger.  The  standard 
deviation  of  yx  is  about  10%  which  is  still  satisfactory  for  our  pruposes. 

The  values  of  the  standard  deviation  of  Yy  have  been  omitted  for  the  same 
reasons  as  before. 
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TABLE  VIII 


NORMALIZED  STANDARD  DEVIATIONS(A  POSTERIORI) 
BASED  ON  PULSE-ECHO  MEASUREMENTS 


Quantity 

R.M.S.  Meas.Error=0.46xl0-5 

R.M.S.  Meas.  Error  =  IxlO-5 

Experimental 

Data 

Theoretical 
Test  Data 

Experimental 

Data 

Theoretical 
Test  Data 

(s.d.a)/a 

0.0168 

0.0156 

0.0364 

0.0340 

(s.d.c)/c 

0.0608 

0.0608 

0.1320 

0.1320 

s.d.  yx 

0.1120 

0.1057 

0.2434 

0.2295 

s.d.  yy 

- 

- 

- 

- 

It  is  of  fundamental  interest  to  reconsider  the  normalized  standard 
deviations,  both  in  the  present  pulse-echo  case  and  in  the  previous 
pitch-catch  case,  as  measures  of  experimental  "leverage"  on  the  scatterer 
parameters.  For  the  purpose  of  comparison,  we  have  recomputed  the  normalized 
standard  deviations  in  the  pulse-echo  with  the  same  value  of  m>  as  was  used  in 
the  pitch-catch  case,  namely  <?v  =  l  x  10-5.  y^g  results  are  tabulated  in 
the  fourth  and  fifth  columns.  Comparing  the  results  for  noiseless  theoretical 
test  data  in  both  cases,  the  reader  will  note  that  the  relative  standard 
deviation  of  a  is  about  1/6  as  large  in  the  pulse-echo  case  as  in  the 
pitch-catch  case,  the  relative  standard  deviation  of  c  is  about  1/9  as  large 
and,  finally,  the  standard  deviation  of  yx  is  about  1/2  as  large.  Thus  the 
experimental  leverage  is  markedly  better  in  the  pulse-echo  case  than  in  the 
pitch-case,  particularly  for  the  parameter  c.  The  number  of  data  points  is 
nearly  the  same  in  both  cases. 

It  is  of  critical  importance  to  consider  the  significance  of  the 
present  results  in  the  context  of  failure  prediction  or,  almost  equivalently, 
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the  making  of  an  accept-vs-reject  decision.  Clearly,  there  ultimately  must  be 
developed  a  relatively  complex  theoretical  structure  connecting  our  present 
results  with  the  concerns  of  the  final  user  of  an  NDE  system.  In  any  case,  a 
significant  first  step  in  this  direction  is  the  estimation  of  certain 
quantities  of  significance  in  fracture  meahanics.  One  such  quantity  is  the 
stress  intensity  factor  kj  measuring  the  tendency  of  a  crack  in,  for 
example,  a  metal  to  propagate  under  the  application  of  a  mode  I  stress  (i.e., 
a  uniaxial  stress  oriented  perpendicular  to  the  plane  of  the  crack). 

To  be  sure,  the  spheroidal  void  considered  in  the  previous 
discussion,  is  hardly  sufficiently  degenerate  to  be  regarded  as  a  crack. 
However,  based  upon  the  discussion  of  Tetelman  and  McEvily  (?),  it  appears 
that  the  concept  can  be  meaningfully  extended  to  the  case  of  not-so-degenerate 
spheroidal  voids.  In  a  later  communication,  a  detailed  discussion  will  be 
given  to  this  question.  In  any  case  the  definition 

kj  =  Kj/er  =  (16) 


where  a-  is  the  applied  stress,  will  suffice  for  our  present  purposes. 

In  Table  IX  we  give  both  the  best  estimate  kj  and  the  relative 
standard  deviation  s . d . k j /k j  for  both  pitch-catch  and  pulse-echo  input 
data.  In  our  view,  the  significance  of  these  estimates  (as  measured  by  the 
relative  standard  deviation)  is  more  than  adequate,  particularly  in  the 
pulse-echo  case. 

Summary  and  Discussion 

The  work  reported  in  the  previous  sections  can  be  summarized  as 

f o 1 1 ows : 

(1)  The  extraction  of  A2  (the  coefficient  of  in  the 

cu-expansion  of  the  scattering  amplitude)  has  been  successfully 
carried  out.  The  comparison  of  theory  and  experiment,  at  least 
in  the  case  of  our  recent  pulse-echo  experiments,  is  highly 
satisf actory. 
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i: 


TABLE  IX 

ESTIMATE  OF  kj  AND  RELATIVE  ST.  DEV. 
m/tr  =  k!  (~a)^) 


Using  Pitch-Catch  Data: 


— i 

•j 

I 


Quantity 

Experimental 

Data  (a) 

Experimental 
Data  (b) 

Experimental 

Data  (c) 

Theoretica’ 

Test  Data 

1  scatt. 

plane 

2  scatt 

plane 

•  i 

•! 

kI 

0.341 

0.359 

0.368 

RH 

0.354 

(s.dkI)/kI 

0.246 

0.078 

.036 

m 

0.080 

Using  Pulse-Echo  Data: 


Experimental 

Experimental 

Quantity 

Data 

Test  Data 

kI 

0.352 

0.354 

(s.d.Kj/kj 

0.008 

0.008 

i 

'l 

j 


9 


9 
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2.  The  inverse  scattering  problem  has  been  adequately  solved  under 
the  assumption  that  the  scatterer  is  a  spheroidal  void  of  some 
kind.  With  theoretical  noiseless  test  data,  the  inversion 
procedure  yielded  nearly  exact  estimates  of  the  parameters 
characterizing  the  spheroid.  With  experimental  input  data,  the 
estimates  of  these  parameters  were  quite  satisfactory.  The 
a  posteriori  standard  deviations  indicated  that  the 
"experimental  leverage"  on  the  parameters  was  generally 
adequate,  but  particularly  satisfactory  in  the  case  of  the  long 
dimension  a  of  the  spheroid,  a  quantity  of  crucial  importance  in 
fracture  mechanics. 

Even  though  these  results  have  been  obtained  under  simplifying 
constraints,  they  strongly  suggest  that  this  approach  has  promise  for  NOE. 

Clearly,  there  remain  a  host  of  problems  for  future  consideration.  A 
few  of  these  are: 

(1)  Further  improvement  of  the  post-experiment  data  processing  in 
the  pitch-catch  case. 

(2)  Isolation  of  a  particular  scatterer  from  competing  scatterers  in 
taking  the  low  frequency  limit. 

(3)  Extension  of  the  analysis  to  include  general  ellipsoidal 
inclusions  (voids  are  a  special  case). 

(4)  Extension  to  the  more  general  case  of  scatterers  not  having 
ellipsoidal  geometry. 

(5)  Transfer  of  algorithms  to  minicomputers  suitable  for  field 
equipment. 

(6)  Formulation  of  the  theoretical  structure  extending  from  the 
outputs  of  the  inverse  scattering  algorithms  to  the  final 
accept-vs-reject  decision. 
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PROJECT  II,  UNIT  A,  TASK  1 

EXPERIMENTAL  DEFINITION  OF  INTERACTION  OF  SURFACE  WAVES 
FROM  SURFACE  CRACKS 

0.  Buck,  B.R.  Tittman  and  W.L.  Morris 
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Thousand  Oaks,  California  91360 
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Introduction 

This  task  is  directed  towards  an  understanding  of  the  scattering  of 
elastic  surface  waves  at  surface  cracks,  from  both  the  theoretical  and  the 
experimental  point  of  view.  During  the  first  six  months  of  the  program  the 
model  for  surface  wave  scattering  at  surface  cracks  in  the  long  wavelength 
limit  has  appreciably  advanced  and  is  now  at  a  state  that  allows  us  to 
calculate  the  backscattering  coefficient  for  part  circular  and  part  elliptical 
surface  cracks  with  the  elastic  wave  obliquely  incident  on  the  crack.  The 
imposed  condition  is,  however,  that  a/\  <  0.1  where  a  is  the  crack  depth  and  X 
the  wavelength  of  the  surface  wave.  Since  the  existing  literature  on  surface 
cracks  does  not  give  closed  solutions  for  the  displacement  jump  distribution 
across  the  crack,  new  methods  to  calculate  this  quantity  may  have  to  be 
developed  to  be  able  to  calculate  k j ,  the  normalized  stress  intensity  factor 
Kj/a,  more  accurately. 

Several  samples  with  semi-circular  notches  produced  by  EDM  notches 
have  been  fabricated  which  will  be  used  to  test  the  theory.  Three  of  these 
notches  have  a  crack  depth  of  1.3mm  with  different  root  radii.  The  fourth  and 
fifth  specimens  contain  notches,  having  a  crack  depth  of  0.65mm  and  0.3mm, 
respectively.  Highly  efficient  surface  wave  transducers  of  5,  10  and  20  MHz 
have  been  developed  which  show  a  very  high  signal-to-noise  ratio  in  the 
receiver  mode.  Extensive  testing  will  begin  shortly. 
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Ultrasonic  Detection  and  Characterization  of  Surface  Flaws 

Starting  from  the  reciprocity  relation  and  using  scattering  matrix 
formulation  it  can  be  shown  that  elastic  wave  scattering  from  an  arbitrary 
void  in  a  solid  may  be  character ized  by  the  scattering  coefficient 

Sab  =  J ui‘  °ij  nj  (1) 

where  Sp  is  the  surface  of  the  void  and  nj  is  a  unit  vector  along  its 
inward  normal.  In  the  angle  scattering  mode  of  flaw  detection,  using  two 
separate  transducers  a  and  b,  u-j '  is  the  displacement  field  at  the  surface 
at  the  void  due  to  an  input  at  one  transducer  and  cr-jj  is  the  unperturbed 
stress  field  at  the  flaw  due  to  an  incident  wave  launched  by  the  second 
transducer.  For  direct  backscatter  observed  at  a  single  transducer  the  two 
fields  are  referred  to  the  same  transducer.  This  scattering  relation  was 
first  demonstrated,  using  the  elastic  reciprocity  relation  for  elastic  wave 
scattering  coefficients  defined  at  the  emitting  surfaces  of  the 
transducers.*’2*3  It  was  noted  that  a  significant  advantage  of  the 
reciprocity  relation  analysis  over  the  spherical  far  field  analysis  of  the 
problem  is  that  the  effects  of  transducer  diffraction  are  included  directly  in 
the  calculation.  Subsequently,  it  was  shown  that  use  of  the  piezoelectric 
reciprocity  relation  allows  one  to  derive  in  a  simpler  way  scattering 
coefficients  measured  at  the  electric  terminals  of  the  transducers.4  The 
scattering  coefficient  is  again  given  by  Eq.(l),  but  with  u-j '  and  cr^j  now 
referred  to  unit  power  at  the  electrical  terminals  of  the  transducers.  There 
is  nothing  in  the  derivation  that  excludes  application  to  a  surface  crack,  in 
which  case  the  surface  Sp  in  Eq.(l)  is  closed  along  the  original  surface  of 
the  unflawed  specimen,  and  the  piezoelectric  derivation  verifies  immediately 
the  validity  of  the  scattering  formula  for  any  type  of  piezoelectric  surface 
wave  transducer.  Recently,  the  derivation  has  been  extended  to 
electromagnetic  and  ferromagnetic  types  of  surface  wave  transducers. 

The  piezoelectric  scattering  formula  was  applied  in  Reference  4  to 
the  problem  of  a  Rayleigh  wave  normally  incident  on  a  half  penny-shaped 
crack.  This  calculation  used  the  quasistatic  approximation,  where  n-j  is 
evaluated  on  the  basis  of  the  static  displacement  produced  by  the  stresses 
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associated  with  the  incident  wave.  For  a  Rayleigh  wave  on  an  isotropic 
substrate,  the  incident  stress  field  near  the  surface  is 


where 

Pr  =  Rayleigh  wave  power  density  per  unit  width 
H-  =  shear  modulus 


and  Vr,  fz  are  given  in  terms  of  the  shear-longitudinal  velocity  ratio  by 

Fig.  1.  According  to  Eq.(2c)  the  stress  crXy  is  negligible  compared  to  azz 

and  crxx  at  points  sufficiently  close  to  the  surface.  For  example,  in 

aluminum  (Vs/V  g  =  0.475).  Equation  (2c)  is  less  than  0.1  for 

£  y  =  k  v<  0.13.  Over  the  same  range  of  y  the  variations  on  cr2Z  and 
*S  s' 

o-xx  are  also  less  than  10%.  One  can  therefore  approximate  u-j '  in  Eq.(i) 
by  the  static  displacement  due  to  the  uniform  stress  in  Eqs.(2a)  and  (2b)  for 
a  surface  crack  with  depth  d  satisfying  the  condition  ksd  ''0.15. 
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b) 


g- 


(a)  Field  parameters  f  and  f z  as  a  function 

of  the  oulk  shear  wave  velocity  Vs  and  the  bulk 
longitudinal  wave  velocity  Vs.  (b)  Isotropic 
Raleigh  wave  velocity  Vr  as  a  function  of  the 
bulk  shear  wave  velocity  Vs ,  and  the  bulk  long¬ 
itudinal  wave  velocity  Vg. 


sc;  3,-i. 
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Reference  4  treated  backscatter  of  a  normally  incident  Rayleigh  wave 
from  a  half-penny-shaped  surface  crack.  In  this  case,  only  crz2  enters  into 
the  calculation  and  Eq.(l)  reduces  to 


r 


i  a) 

4 


(3) 


crack 

Auz'  being  the  displacment  jump  across  the  crack.  Many  numerical  analyses 
of  a  half  penny-shaped  surface  crack  opened  under  normal  stress  have  been 
reported  in  the  1 iterature^-7  but  these  do  not  give  the  distribution  of  the 
displacement  jump  Auz‘  required  in  evaluating  Eq.(3).  They  give,  rather, 
the  distribution  of  stress  intensity  factor  around  the  periphery  of  the  half 
crack  in  terms  of  the  stress  intensity  factor  of  a  full  crack  of  the  same 
shape  within  the  volume  of  the  body.  In  the  case  at  a  half  penny-shaped  crack 
on  the  surface  the  stress  intensity  factor  differs  from  the  volume  case  by 
less  than  10%  over  much  of  the  crack  periphery  and  has  a  maximum  difference  in 
the  neighborhood  of  20%.  It  was  therefore  judged  appropriate  to  approximate 
the  displacement  jump  in  Eq . ( 3 )  by  its  value  for  a  penny-shaped  volume  crack 


where 

and 


iUz'  =  ^ 

a  =  crack  radius 


1  -v 
H- 


(4a) 


kj  =  2  y/~n~  (4b) 

is  the  normalized  mode  I  stress  intensity  factor.  The  integral  of  this 
expression  over  the  area  of  the  actual  surface  crack  is  easily  evaluated  and 
gives  an  electrical  reflection  coefficient  at  the  transducer  input 


-  =  ll  fl  2  3 

‘semicircle  3  n  zz 


(5) 
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where  crzz  is  the  applied  stress  at  the  crack  due  to  unit  electrical  power  at 
the  transducer.  This  result  is  subject  to  the  approximation  discussed  in  the 
preceding  paragraph  and  would  be  expected  to  develop  significant  errors  for 
ksa>0.5,  or  a^  0.1A.  For  example,  in  the  case  of  a  surface  crack  with  1mm 
radius  in  aluminum  the  maximum  allowed  elastic  wave  frequency  would  be 
300  kHz.  For  frequencies  higher  than  this  the  variations  of  applied  stress 
across  the  surface  of  the  crack  must  be  considered.  This  question  is  now 
being  examined  within  the  framework  of  the  extended  quasistatic  approximation 
previously  developed  for  internal  flaws.  Difficulties  to  be  anticipated  in 
this  type  of  calculation  are  discussed  below. 

Within  the  limitations  of  the  above  approximations  one  can  also 
calculate  scattering  from  part  circular  and  part  elliptical  surface  cracks. 
That  is 


r 


part  circle 


i_y  1-  v 

2  \i 


j  2  i  j  3 
(d/a)  -  \  (d/a) 


(6) 


where  a  is  the  crack  radius  and  d  is  its  maximum  depth,  and 


r  part  ellipse  Y  ffkT  1  /  azz^  ab| (U/b)  "  3  (U/b  ^ 


2  .^Ld,^2  1  ,d;  3 


(7) 


where  b  is  the  minor  axis  (normal  to  the  surface)  and  d  is  the  maximum  depth, 
k2  =  i  _  b^/a^,  and  E(k)  is  the  complete  elliptic  integral  of  the  2nd 
kind.  Another  case  that  can  be  treated  in  the  same  approximation  is  direct 
backscatter  of  a  Rayleigh  wave  obliquely  incident  on  a  part  circular  crack 
(Fig.  2).  In  the  wave  coordinate  system  the  stresses  applied  to  the  crack  are 
given  by  Eqs.(2a)  and  (2b).  These  transform  in  the  crack  coordinate  system  to 
a  normal  tension 


z  z 


=  cr, 


xx 


si +  crzz  cos^  y 


(8) 


and  a  parallel  shear 


crx,z,  =  °-**pL  sin  26 


(9) 
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Following  the  same  steps  as  in  the  previous  calculations  one  obtains,  using 
Ref.  8  for  the  stress  displacement  jump  across  the  crack 


r 

‘part  circle 


i  (d/  a)3 


(10) 


where  all  of  the  angle  dependence  is  contained  in  the  curly  brackets.  For 

aluminum  (Poisson's  ratio  v-  =  0.355) 

&zz 


^45®  0.587  FgO 

and 

rgQO  -  0.126  Tgo 

The  problem  of  90°  angle  scattering  is  also  straightforward  in  the 
quasistatic  approximation. 

As  noted  previously,  all  of  the  above  calculations  used  in  Eq . ( 3 )  the 
displacement  jump  corresponding  to  a  full  internal  crack  of  the  appropriate 
shape  (circle  or  ellipse).  That  is,  the  perturbation  of  the  displacement  jump 
due  to  the  presence  of  a  free  surface  is  not  taken  into  account.  The  required 
distribution  of  Auz>  for  a  surface  crack  is  not  available  in  the  literature, 
but  a  number  of  papers  give  the  variation  of  normalized  stress  intensity 
factor  kj  with  position  along  the  periphery  at  the  crack.  Since  crzz  in 
Eq . ( 3 )  has  been  shown  to  be  constant  for  a  sufficiently  small  crack  and  can 
therefore  be  removed  from  th  integral,  it  is  natural  to  look  to  the 
3udiansky-Rice  relation^ 

J  AoidS  =  J  ~  <TZZ  J  Pq  k  i  cle  (11) 

crack  crack 

surfaces  periphery  C 

as  a  means  of  evaluating  the  required  integral  in  terms  of  the  variation  of 
kj  on  the  crack  periphery.  In  Eq.(Ll)  Pc  is  the  perpendicular  distance 
from  an  origin  within  the  crack  surface  to  the  target  line  at  d  .  It  is 
easily  shown  that  the  contour  integral  is  independent  of  the  origin  of  Pc 
for  cracks  bounded  by  simple  closed  curves  (circle,  square,  ellipse)  and  far 
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r 


> 

removed  from  any  free  surface.  However,  it  is  apparent  when  one  examines  a 
surface  crack  that  this  is  no  longer  true  in  such  cases.  A  simple  example  is 
the  rectangular  surface  crack  mentioned  in  Reference  10  (Fig.  3).  For  this  J 

geometry,  pc  is  a  constant  on  each  edge  of  the  crack,  and  the  integral  on  * 

the  right-hand  side  of  Eq.(ll)  is  independent  of  the  choice  of  origin  0  in 
Fig.  4  of  the  distribution  of  kj  is  the  same  on  opposite  edges  of  the 

rectangle.  This  will  clearly  not  be  true  if  edge  AD  is  on  the  surface  and  has 

a  kj  that  is  zero  or,  at  least,  has  a  different  distribution  of  kj  then  • 

the  edge  BC.  The  same  problem  can  be  shown  to  exist  for  the  part  circular 
crack  discussed  above.  - 

One  may  conclude,  then,  that  problems  exist  in  applying  Eq.(ll)  to 
the  calculation  of  scattering  from  surface  cracks.  This  is  an  important  ^ 

question  because  the  existing  literature  on  surface  cracks,  whether  uniformly 
or  nonumiformly  loaded,  gives  only  distributions  of  normalized  stress 
intensity  factor  along  the  edge  of  the  crack  and  not  the  displacement  jump 
distribution  on  the  face  of  the  crack.  It  is  important  to  solve  these  •' 

problems  concerning  the  applicability  of  Eq.(ll)  to  surface  cracks  because  the 
only  alternative  appears  to  be  either  lengthy  numerical  calculations  of  the 
displacement  jump  or  some  kind  of,  as  yet  undeveloped,  variation  method.  In 
the  case  of  a  nonuniformly  loaded  crack  (ka  not  small),  one  has  the  additional  * 

difficulty  that  <^zz  in  Eq.(3)  is  nonuniform  and  cannot  be  removed  from  the 
integral.  ' 

However,  first  experimental  indications  are  (see  Appendix  to  this 
task)  that  half-penny  shaped  cracks  of  different  crack  radii  show  noticeable 
differences  in  the  structure  of  the  backscattered  signals.  The  structures 
show  well-defined  peaks  and  nulls,  whose  spacings  scale  roughly  as  the  crack 
radii.  These  observations  are  thought  to  be  helpful  for  further  development 
of  the  present  theory.  I 

Specimen  Fabrication  and  Transducer  Design 

This  part  of  the  task  is  devoted  to  the  development  of  techniques  for 

experimental  determination  of  the  scattering  factors  from  surface  flaws.  The  I. 

-  • 

first  type  of  flaws  produced  are  EDM  notches  of  three  size  ranges  as  shown  in 
Fig.  5.  Their  geometry  has  been  chosen  such  that  in  a  series  of  survey 
experiments  the  extent  of  the  ultrasonic  responses  to  the  EDM  notches  can  be 
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Fig.  5  Geometry  of  EDM  notches  and  experimental  arrangement. 
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calibrated.  The  aluminum  specimens,  containing  the  notches,  are  disc  shaped 
and  have  a  diameter  of  about  30cm.  Surface  wave  transducers,  to  be  described 
briefly  below,  will  be  placed  close  to  the  periphery  of  the  discs.  The  chosen 
geometry  thus  guarantees  that  the  notches  are  in  the  far  field  of  these 
transducers.  The  transducers  are  basically  made  out  of  PZT  glued  to  flint 
glass  wedges.  The  acoustic  coupling  of  the  wedges  to  the  aluminum  is  achieved 
by  water,  as  shown  in  Fig.  6.  The  wedge  can  be  adjusted  to  achieve  high 
surface  wave  generation  efficiency.  Figure  7(a)  shows  the  received  signal 
(5  MHz)  for  a  wave  being  directed  under  22°  towards  EDM4  and  received 
perpendicular  to  the  flaw.  The  signal-to-noise  ratio  is  better  then  20  dB, 
which  is  considered  to  be  excellent.  The  surface  wave  signal  disappears 
completely,  as  expected,  if  a  damping  object  (thumb)  is  placed  in  its  path 
(see  Fig.  7(b)).  First  experimental  data  on  the  relative  power  backscattered 
from  EDM  4  as  a  function  of  incident  angle  d>  are  shown  in  Fig.  8  (5  MHz).  As 
can  be  seen,  there  are  some  indications  of  a  fine  structure  in  this  curve 
(similar  to  that  reported  in  the  Appendix).  Future  experiments  will 
particularly  concentrate  on  this  aspect. 

After  full  characterization  of  the  scattering  coefficients  for  all 
five  EDM  notches  as  a  function  of  frequency,  and  angle  of  incidence  of  the 
acoustic  wave  over  the  periphery  of  the  discs,  the  experimental  work  will 
continue  with  the  production  of  true  fatigue  cracks.  Our  first  efforts  then 
will  concentrate  on  the  comparison  of  the  EDM  results  with  those  obtained  from 
the  fatigue  cracks.  Previous  work  by  other  investigators  indicated  that 
significant  differences  may  exist,  which  may  be  caused  by  a  variety  of 
reasons,  such  as  crack  closure,  e.g.  It  is  our  intent  to  determine  and 
characterize  the  differences  and  feed  the  information  into  the  theoretical 
models  as  quickly  as  por 

Coupling  of  Scattering  Experiments  to  Fracture  Mechanics 

The  notches  produced  in  the  experimental  part  of  the  program  have 
been  fully  described  from  a  fracture  mechanics  point  of  view.  Of  particular 
interest  to  us  seemed  a  comparison  of  the  normalized  stress  intensity  factor 

Kt 

kl  »  of  (12) 
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Fig.  6  Surface  wave  transducers  (5,  10,  20  MHz). 
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which  was  mentioned  aveady  in  Part  A  of  this  Task.  The  quantity  Kj  in 
Eq . ( 12 )  is  the  well-known  stress  intensity  factor  (here  taken  to  be  in  mode  I, 
which  means  with  the  applied  stress  cr  normal  to  the  flow).  Variations  in  Kj 
(usually  referred  to  as  AKp  the  stress  intensity  range)  due  to  applied 
stress  variations,  Act,  induce  fatigue  crack  growth.  As  will  be  seen  also,  the 
reduced  stress  intensity  factor  k\  depends  mainly  on  the  geometry  of  the 
flaw.  Since  EDM  notches  have  a  finite  width,  we  will  thus  have  to  consider  at 
least  three  quantities  to  determine  Kp  a,  the  crack  depth;  2c,  the  crack 
length;  and  P,  the  crack  root  radius  (see  Fig.  5).  For  the  present  EDM 
notches  c  =  a  (semicircular  EDMs).  As  was  shown  by  Budiansky  and  Rice^, 
kj  is  directly  related  to  the  ultrasonic  scattering  from  flaws.  In  order  to 
compare  scattering  from  EDMs  with  true  fatigue  cracks  (PxO)  it  is  thus 
necessary  to  evaluate  kj  as  completely  as  possible. 


(a)  Linear  Elastic  Analysis 

As  was  discussed  by  Wilhelm^  for  a  crack  with  tip  radius  P,  the 
stress  at  the  tip  is  governed  by  the  stress  intensity  factor.  Assume  a  cut 
perpendicular  to  the  EDM  notch,  and  let  us  approximate  this  cut  by  an  ellipse 
witn  major  axis  a  and  radius  P  at  the  vertex  of  this  ellipse,  this  stress 
intensity  factor  is  given  by 


K 


f 


(13) 


Then  a  proportionality  has  to  exist  between  Kj  and  crm  where  crm  is  the 
maximum  stress  near  the  crack  tip  due  to  the  presence  of  the  flaw.  This 
relation  is  of  the  formal 


Kj  =  Const  crm  -J-p 


Using  Eq . ( 13 ) ,  Eq  .  ( 14 )  becomes 


Kj  =  const  cr 


1  +  2 


fll  * 


In  the  limit  P  =  0 


Kt  =  2  const  ,T  \/° 


(14) 


(15) 


(16) 
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In  order  to  determine  the  proportional ity  control,  we  compare  Eq . ( 16 )  with  the 
el asto-pl astic  analysis  of  a  crack. 

(b)  Elasto-Plastic  Analysis 

The  stress  intensity  factor  (in  mode  I)  for  put-through  cracks  has 
been  calculated  by  Irwin^  using  elasto-plastic  analysis  to  be 


Kt  =  1.1  o-yjL a 

1  Q 


where  Q  is  given  by 


Q  .02  -  0.212  (0 


(0  the  elliptical  integral,  0-/  [sin^  6  +  (^-j  cosw]  2  d0  ,  and  a  = 

o  c  y 

yield  stress). 


Comparing  Eqs. (16)  and  (17)  we  obtain 


Const  =  0.55.  /  q- 


Inserting  this  value  into  Eqs . ( 15 )  and  (12)  yields 


k i  =  0.55 


5  1  *  V? 


As  previously  mentioned  kj  thus  is  mainly  determined  by  the  geometry  of  the 
crack  (except  for  a  stress  correction  in  Q,  as  seen  from  Eq . ( 18 ) ) .  Comparison 
of  Eqs. (4a)  and  (20)  shows  that  for  P-  0,  the  two  relations  for  kj  agree,  if 
Q  =  3  which  is  a  reasonable  value  for  semicircular  cracks.  This  Fq.(20)  is 
plotted  in  Fig.  9  for  the  EDMs  1-3  geometries.  The  P=  0  value  corresponds 
roughly  to  that  of  a  sharp  fatigue  crack.  The  parameter  cr/o-y  was  varied 
between  0  and  1,  showing  that  the  effects  of  any  externally  applied  load  on 
k r  (for  that  geometry)  is  not  larger  than  about  5%  and  that  the  ei^ect  of 
on  is  not  more  than  about  16%  (including  a  "true"  fatigue  cracl • .  Thus 
we  expect  that  the  scattering  coefficients  for  EDMs  1-3  should  show  verv 
1’ttle  differences.  From  the  above  calculations,  we  should  be  able  to 
estimate  the  scattering  coefficient  for  a  true  fatigue  crack  thus  gi"-  . 


ola  =  1.0- 

y 


ala  =  0.  8 
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Fig.  9  kr  as  a  function  of  semicircular  surface 
flaw  root  radius  p  (see  Fig.  5)  with 
normalized  stress  cr/oy  (ay  =  yield  stress) 
as  a  parameter.  J 
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estimation  on  effects  due  to  closure  or  rough  fracture  surfaces  on  the 
scattering.  To  separate  the  latter  effects  from  each  other,  an  external 
applied  stress  can  be  applied  which  will  eliminate  the  crack  closure  stress. 
Thus,  we  should  get  a  good  idea  on  the  calibrations  by  various  fracture 
mechanics  properties  on  the  scattering  coefficient  and  thus  on  the  reliability 
of  kj  measurements  using  surface  waves. 
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MEASUREMENTS  OF  THE  ANGULAR  AND  FREQUENCY  DEPENDENCE 
OF  ACOUSTIC  SURFACE  WAVE  SCATTERING  FROM  SURFACE  CRACKS* 

B.R.  TITTMANN,  Groupe  de  Physique  des  Solides,  Universite  Paris  VII, 
and  Science  Center  Rockwell  International 

and 

M.  DE  BILLY,  F.  COHEN-TENOUDJI ,  A.  JUNGMAN,  G.  QUENTIN 
Groupe  de  Physique  des  Solides  de  l'Ecole  Normale  Superieure*, 

University  Paris  VII. 

Summary 

The  objective  of  this  work  is  the  experimental  definition  of 
the  interaction  of  acoustic  surface  waves  with  cracks  to  form  the  basis 
of  defect  characterization  techniques  and  to  test  and  guide  theoretical 
developments.  We  report  here  preliminary  results  obtained  at  low  frequencies 
(2  -  10  MHz)  on  samples  of  glass  and  steel  with  notches  as  defects  and 
at  high  frequencies  (100  MHz)  on  ceramic  samples  with  cracks  (produced 
with  the  identation  technique). 

The  first  phase  of  the  work  saw  the  construction  of  three 
measurement  systems  based  on  different  approaches  to  surface  wave 
detection  (transmission)  : 

(a)  the  use  of  interdigital  transducers  on  piezoelectric  delay  lines 

for  work  in  the  100  MHz  frequency  range; 

(b)  the  use  of  narrow  band  contact  wedge  transducers  for  work  in  the 

2-25  MHz  frequency  range  and 

(c)  the  use  of  broad-band  waterbath  transducers  (2  -  10  MHz)  to  allow 

Fourier  Analysis  with  an  on-line  computer. 


+  This  work  was  carried  out  at  the  "Groupe  de  Physique  des  Solides  de 
l'Ecole  Normale  Superieure",  during  B.R.  Tittmann's  stay  as  "Professor 
Associe"  at  the  University  of  Paris  VII,  as  the  beginning  of  a  cooperative 
research  program  with  the  Science  Center  of  Rockwell  International.  This 
preliminary  work  has  not  been  supported  by  any  contract  from  DARPA-AFML. 

*  Laboratoire  associe  au  C.N.R.S. 


The  most  important  result  of  the  measurements  during  the  second 
phase  of  the  work  is  the  observation  of  a  series  of  sharp  nulls  in  the 
angular  dependence  of  the  backward  scattered  surface  wave  amplitude.  The 
position  and  spacing  of  the  nulls  scale  with  the  size  of  the  cracks  in  a 
simple  way  and  suggest  a  possible  approach  to  the  length  estv  ntion  of 
surface  cracks. 

Introduction 

Surface  cracks  are  an  increasingly  important  source  of  fracture 
in  structural  materials  and  have  recently  been  given  considerable  attention 
from  the  point  of  view  of  characterization  towards  a  more  effective 
failure  prediction  (1-6).  The  cracks  are  typically  generated  during 
finishing  operations  such  as  grinding  and  machining  and  consist  of  arrays 
of  semi-elliptical  cracks  (4).  The  previous  methods  of  characterization 
with  dye  penetrant  techniques  and  statistical  methods  have  recently  been 
augmented  by  acoustic  surface  wave  techniques  (6).  Here  we  present 
preliminary  results  on  studies  intended  to  aid  in  the  identification  of 
individual  cracks  which  could  subject  components  to  anomalously  severe 
surface  damage. 

Experimental  technique 

Three  measurement  systems  have  been  constructed  based  on  different 
approaches  to  surface  wave  detection.  The  first  of  these  uses  an  inter¬ 
digital  transducer  on  a  piezoelectric  delay  line  which  is  inclined  at  an 
angle  to  the  sample  surface  so  as  to  couple  the  surface  wave  from  the 
delay  line  through  a  coupling  medium  onto  the  sample  (7).  Two  such  delay 
lines  have  been  incorporated  into  a  goniometer  which  was  constructed  to 
allow  a  precision  adjustment  of  the  angle  which  the  delay  lines  make  with 
the  sample  surface  and  to  permit  the  rotation  of  the  sample  and  the  delay 
lines  on  an  individual  basis  for  measurements  of  the  angular  dependence 
of  the  scattered  waves  in  pitch-catch  or  pulse-echo.  The  electronic  apparatus 
supporting  this  system  is  a  Matec  Model  9C0C  with  the  Model  960  (10  MHz  - 
300  MHz)  Plug-In,  and  a  low-noise  wide  band  amplifier. 

The  second  system  uses  narrow-band  contact  wedge  transducers  as 
transmission  and  receiving  elements,  which  are  commercial  units  at  nominally 
2.2,  5  and  10  MHz.  The  transducers  and  sample  are  mounted  in  a  fixture 
which  allows  the  precision  rotation  of  the  transducer  around  an  axis 
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through  the  surface  flaw  while  maintaining  good  coupling  between 
transducer  and  sample.  The  supporting  electronics  is  an  Arenberg 
pulser  plus  receiver. 


The  third  system  uses  a  commercial  broad-band  waterbath 
transducer  which  sends  bulk  waves  at  the  critical  angle  at  a  partially 
submerged  sample  with  the  surface  flaw  at  the  center  of  rotation  of  the 
sample.  This  system  is  at  present  limited  to  pulse-echo  experiments  only 
but  has  the  advantage  of  allowing  Fourier  analysis  of  the  received  pulse 
with  an  on-line  computer  to  provide  quasi -continuous  frequency  dependence 
information  over  the  range  of  frequency  :  2  -  10  MHz.  The  electronic  system 
here  is  a  Velonex  pulser  as  transmitter  and  low  noise  wide  band  amplifiers 
as  receiver. 


The  samples  used  in  the  experiments  were  notches  or  grooves  in 
steel  and  crown  glass  plates  for  the  low  frequency  measurements  and 
artificial  cracks  put  into  commercial  hot-pressed  silicon  nitride  (NO  132) 
by  the  indentation  technique  (2),  for  the  high  frequency  measurements. 
Before  the  experiments  on  the  simulated  defects  (described  in  more  detail 
with  the  results)  calibration  runs  were  performed  where  possible  with 
round  defects  as  scattering  centers  to  show  that  the  apparatus  would  not 
introduce  a  background  angular  dependence.  In  all  cases  the  measurements 
were  performed  with  the  defect  in  the  far-field  of  the  transducers. 


Results 

The  experimental  results  are  summarized  in  Figs.  1  -  4,  where 
representative  results  for  the  low  frequency  narrow-band  measurements  are 
given  in  Figs.  1  and  2,  the  high  frequency  work  on  ceramics  is  summarized 
in  Fig.  3  and  feasibility  tests  for  broad-band  experiments  are  demonstrated 
in  the  photos  of  Fig.  4. 

Fig.  1  shows  a  plot  of  the  relative  power  (dB)  as  a  function  of 
the  back  scatter  angle  (degrees)  in  a  pulse-echo  experiment  at  2.2  MHz 
(^'Rayleigh  =  1X1 )  W1t^  a  ha^'Penny  shaped  slot  (radius  a  =  1.0  mm, 

width  c  =  0.45  mm)  notched  into  a  commercial  steel  plate.  The  curve  shows 
a  strong  fall -off  of  scattered  power  with  angle  in  a  way  symmetric  with 
respect  to  the  normal  to  the  long  dimension  of  the  slot.  This  fall -off 
with  angle  has  been  typical  of  all  our  measurements  without  regard  to 
defect  size  or  frequency  although  the  rate  of  fall -off  aopears  very 
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Angular  dependence  of  backscattered  power  at  2.2  MHz  for  a  half-penny  shaped  slot  (radius  =  1  mm) 
and  for  a  cylindrical  hole  (radius  -  1.3  mm)  in  steel.  0=0  corresponds  to  the  direction 
normal  to  the  slot  plane.  1  1 
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sensitive  to  these  and  other  parameters.  Also  shown  in  Fig.  1  is  the 

result  of  a  calibration  run  with  a  cylindrical  hole  (2.6  mm  in  diameter) 

which  gave  a  rather  flat  response  over  a  range  of  angles  of  at  least  ±  70°, 

indicating  negligible  interference  from  the  apparatus.  Fig.  2  is  a 

similar  result  at  2.2  MHz  (^Ray]e-jgh  =  1-42  mm)  for  an  el  1  i pti cal  1  y  shaped 

slot  in  a  crown  glass  plate  for  which  the  slot  length  b  was  very  long 

(b  =  2.4  cm)  compared  to  its  depth  a  (a  =  1.4  mm)  and  its  width  c  (c  =  0.5  mm). 

For  this  case  the  slot  length  probably  exceeds  the  width  of  the  surface 

wave  beam  so  that  contributions  from  the  ends  of  the  slot  are  probably 

negligible.  This  no  doubt  explains  the  dramatic  fall-off  with  angle 

(25  dB  from  peak  at  9  =  10°)  without  any  indication  of  structure. 

Quite  in  contrast  to  these  measurements  are  those  obtained  on 

the  identation  cracks  in  ceramic  at  100  MHz  (X„  ,  .  ,  =  50  urn).  As  seen 

'  Rayleigh  ' 

in  Fig.  3  the  curves  obtained  for  two  half-penny  shaped  cracks  display 
considerable  structure  with  well-defined  peaks  and  nulls,  whose  spacings 
scale  roughly  as  the  crack  radius  (a^/a^  =  30  ym/120  pm  =  0.67).  This 
result  is  not  surprising  since  for  this  case  the  wavelength  'vRayi eigh  is 
considerably  smaller  than  the  crack  radius  so  that  the  surface  wave  sees 
primarily  the  crack  geometry  near  the  surface.  Under  this  condition  the 
scattering  object  is  thought  to  behave  like  two  slightly  separated  scattering 
centers  producing  an  interference  of  the  scattered  radiation  and  therefore 
a  structure  in  the  angular  dependence  for  backscattered  waves.  If  this 
simple  analysis  is  borne  out  by  further  experiments,  this  result  could 
lead  to  a  simple  yet  powerful  technique  for  estimating  the  size  of  a 
surface  flaw. 

Finally  in  Fig.  4  are  displayed  photos  of  oscilloscope  traces 
obtained  with  the  broad-band  system  for  a  cylindrical  hole  as  defect  in 
a  steel  plate.  The  top  photo  shows  the  time  domain  signal  with  a  well- 
defined  wide-band  surface  wave  pulse  while  the  bottom  photo  shows  the 
amplitude  of  the  frequency  spectrum  as  obtained  on  a  H.P.  S553B-3552B 
Spectrum  analyzer.  The  Fourier  analysis  is  also  routinely  performed  on 
a  H.P.  9S21A  calculator.  The  photos  are  intended  to  simply  demonstrate 
the  feasibility  of  carrying  out  measurements  with  this  technique. 


167 


lIASiy^d  3ilSH3AiNn  Sd 


Angular  dependence  of  backscattered  power  at  2.2  MHz  for  an 
elliptical  slot  (length  =  2.4  mm,  depth  =  1.4  mm)  in  glass. 
0=0  corresponds  to  the  direction  normal  to  the  slot  plane. 
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Angular  dependence  of  backscattered  power  at  100  MHz  for 
two  different  cracks  (radii  aj  =  80,'m)  made  into  commercial 
ceramics  by  the  indentation  technique.  0=0  corresponds 
to  the  direction  normal  to  the  slot  olane.  The  data  have 
been  normalized  at  0  =  0. 


Fig.  4  Photographs  of  oscilloscope  traces 

for  the  time-domain  signal  (top)  and 
the  corresponding  frequency  domain 
signal  (bottom)  for  backscattering 
from  a  cylindrical  hole  (radius  1.3  mm) 
in  steel.  The  experiment  was  carried 
out  with  a  commercial  broadband  trans¬ 
ducer  immersed  in  a  waterbath  and  inclined 
to  the  partially  submerged  sample  surface 

at  the  critical  angle. 
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The  work  described  in  this  report  comprises  our  initial  effort 
towards  the  goal  of  characterizing  surface  flaws  by  angular  and  frequency 
dependence  studies  of  surface  wave  scattering.  The  preliminary  results 
indicate  considerable  promise  for  a  simple  approach  to  the  problem  of 
estimating  the  long  dimension  of  surface  cracks  in  the  regime  g ei g h 

crack  radius.  The  measurements  described  here  have  been  made  on  polished 
samples; nevertheless  the  influence  of  rather  small  values  of  the  surface 
roughness  has  been  noticed  and  will  be  studied  in  a  similar  manner  as  that 
which  our  laboratory  has  used  previously  for  bulk  wave  scattering  by 
rough  surfaces  (9). 
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PROJECT  II,  UNIT  A,  TASK  2 


OPTIMIZATION  OF  EMATS  FOR  SURFACE  FLAW  DETECTION 


R.  B.  Thompson,  C.  F.  Vasile,  C.  M.  Fortunko 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


Introduction 

The  objective  of  this  task  is  to  develop  practical  formulae  which 
can  be  used  in  the  design  of  EMAT  systems  for  the  characterization  of  surface 
flaws.  These  will  be  based,  to  as  great  an  extent  as  possible,  upon  the 
theoretical  expressions  developed  in  this  program  for  the  radiation  pattern  of 
EMATs  and  for  the  scattering  of  energy  by  surface  flaws.  They  will  then  be 
used  to  design  transducer  aperature  functions  (length,  width,  frequency, 
possible  apodization)  and  multiple  transducer  configurations  that  will  (a) 
provide  an  output  most  directly  related  to  the  critical  flaw  parameters  and 
(b)  provide  the  lowest  probability  of  missing  a  poorly  oriented  flaw. 


Approach 

Work  has  just  begun  on  this  task,  so  this  report  will  be  quite 
short.  The  first  step  is  the  evaluation  of  the  deviation  of  the  transducer 
radiation  pattern.  This  is  rather  complex  to  evaluate  in  the  near  field,  but 
relatively  simple  in  the  far  field.  For  example,  consider  the  transducer 
shown  in  Fig.  1.  For  this  configuration,  a  normal  force  is  applied  to  the 
surface  of  the  material  along  the  serpentine  path  of  the  meander  coil.  The 
resulting  far  field  radiation  along  the  surface  is  given  by  the  product  of 
three  factors,  the  circularly  symmetric  radiation  from  a  point  source,  and 
factors  individually  describing  the  directionabi 1 ity  effects  of  the  aperture 
and  length  of  the  transducer.  It  can  be  readily  shown  that 
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Top  view  of  meander  coil  of  width  N.\  and  length  N9\. 
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where  N^A  is  the  transducer  width  and  N2A  is  its  length.  Although 
apparently  complex,  some  simple  conclusions  can  be  drawn  from  these 
expressions.  For  example,  considering  the  aperture  function  alone,  the  first 
null  occurs  when 


0A  =  sin"1  1/N1 

=  1/N^  when  »  1 


(2) 


Likewise,  considering  the  second  term  describing  the  end  fire  radiation  from 
an  array,  the  first  null  occurs  when 

=  cos " 1 ( 1  -  l/N,) 

L  1  6  (3) 

*=  ( 2/N2 ) ^  when  N2  »  1 


These  two  functions  are  plotted  as  a  function  of  Ni  and  N2  in  Fig.  2.  It 

can  be  seen  that  the  first  null  of  the  aperture  function  occurs  at  smaller 

angles  than  that  of  the  end  fire  function  for  an  equivalent  length. 

These  results  can  be  used  to  optimize  transducers  for  various 

purposes.  For  example,  the  transfer  impedance  of  a  pair  of  transducers  varies 
2 

as  NjN2  .  If  this  is  to  be  held  constant  to  produce  a  given  sensitivity 
in  a  particular  application,  trade-offs  can  be  made  between  exciting  a 

o 

collimated  beam  (Ni»n2  ^2  constant)  which  can  be  directed  in  a 
we  11 -control led  direction  or  a  beam  with  a  wider  angular  spread  (N2»Ni 
N1N2  constant)  which  will  be  less  sensitive  to  the  orientation  of  a 
flaw.  It  must  be  also  noted  that  this  latter  result  is  achieved  with  a 
decrease  in  bandwidth  and  have  poorer  spatial  resolution. 

In  future  work,  these  results  will  be  extended  to  include  the  case 
of  nonnormal  as  well  as  normal  forces,  radiation  of  angle  beams  into  the 
material  as  well  as  surface  waves,  and  interactions  with  flaws  so  that 
ultrasonically  optimum  transducer  systems  can  be  designed. 
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PROJECT  II,  UNIT  B,  TASK  1 

QUANTITATIVE  MEASUREMENT  OF  CRACK  PARAMETERS 
USING  MICROWAVE  EDDY-CURRENT  TECHNIQUES 

A.  0.  Bahr 
SRI  International 
Menlo  Park,  California  94025 


Introduction 

The  objective  of  this  task  is  to  develop  and  evaluate  a  waveguide 
crack  model  that  can  be  used  to  predict  the  scattering  of  microwave  energy 
from  a  cracked  metal  surface.  Another  objective  is  to  evaluate  the  potential 
of  microwave  techniques  for  predicting  the  dimensions  of  inclusions  and 
surface  cracks  in  ceramics.  This  report  summarizes  the  progress  that  has  been 
made  on  this  task  for  the  period  November  14  through  December  31,  1977. 

Waveguide  Crack  Model 

The  work  during  this  reporting  period  has  concentrated  on  the 
development  of  a  waveguide  crack  model.  Our  initial  efforts  have  been 
directed  toward  developing  a  first-order  theory.  To  this  end,  we  have  made 
the  following  simplifying  assumptions: 

(1)  The  crack  is  assumed  to  take  the  form  of  a  rectangular  slot 
having  length  a,  width  b,  and  depth  d  as  shown  in  Fig.  1.  The 
opening  of  this  slot  is  assumed  to  be  situated  in  an  infinite 
metallic  plane  located  at  z  =  0. 

(2)  The  electric-field  distribution  in  the  mouth  of  the  slot  is 
assumed  to  be  entirely  y  directed,  and  to  vary  sinusoidally  in 
the  x  direction.  This  assumption  implies  that  a  ^s>  b  and 

d  >  b . 

(3)  The  size  of  the  slot  in  terms  of  the  electromagnetic  wavelength 
is  assumed  to  be  such  that  the  slot  is  below  reasonance  and  the 
fields  within  the  slot  are  evanescent. 

Our  first  objective  is  to  determine  how  the  energy  scattered  by  the 
slot  varies  as  a  function  of  slot  dimensions.  We  can  calculate  the  relative 
power  scattered  by  the  electrically  small  slot  by  using  an  equivalent  circuit 
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FIGURE  1  A  RECTANGULAR-SLOT  CRACK  MODEL 
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wherein  the  crack  cavity  is  represented  by  an  admittance  loading  the  slot 
antenna.  Below  slot  resonance  this  crack  admittance  is  an  inductive 
susceptance  if  the  losses  in  the  crack  are  negligible. 

The  equivalent  circuit  for  the  crack  scatterer  is  shown  in  Fig.  2. 
The  crack  admittance  is  jBc,  and  (Gr  +  jBr)  is  the  radiation  admittance 
of  the  slot  antenna.  The  current  I  can  be  related  to  the  magnetic  field  at 
the  entrance  to  the  crack. 

When  the  slot  is  small,  the  scattered  power,  Ps,  is  closely 
approximated  by  the  power  dissipated  in  the  radiation  conductance. 1  Hence, 

p,  ■  ?  wO 


where  Vr  and  Ir  are  the  voltage  and  current  across  and  through  the 
radiation  conductance,  respectively.  Simple  circuit  analysis  shows  that 


HI 


G? + 


(B. 


Bcr 
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The  radiation  admittance  for  a  slot  antenna  has  been  derived  by 
Rhodes, 2>3  where  it  is  assumed  that 

V_ 


Ey(x,y,0)  =  g-  sin  lk(? 


lx  -  ||)1 


(3 


Here,  V0  is  an  amplitude  factor  and  k  is  the  wave  number.  The  resulting 
formulas  are  sufficiently  complex  so  that  numerical  results  must  be  obtained 
with  a  computer. 

A  specific  example  of  the  variation  of  the  radiation  admittance  for  a 
slot  as  a  function  of  ka  is  shown  in  Fig.  3.  The  parameters  of  the  slot  are 
given  in  the  figure.  The  quantity  Vq  is  the  free  space  wave  impedance, 
which  is  equal  to  120?r.  It  has  been  found  that  the  radiation  conductance  is 
not  sensitive  to  the  width  parameter,  b/A.  However,  the  radiation  susceptance 
is  sensitive  to  this  parameter.  Fortunately,  it  appears  that  the  radiation 
susceptance  is  more  than  an  order  of  magnitude  smaller  than  the  cavity 
susceptance. 
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FIGURE  2  EQUIVALENT  CIRCUIT  FOR  A  CRACK  SCATTERER 
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In  order  to  evaluate  Eq.  (2),  it  is  necessary  to  derive  an  expression 
for  Bc.  Cockrell^  gives  the  following  expression  for  the  cavity 
susceptance: 

a  b  I 

f  f  ^i  x  ”i*)  '  az  dxdy  (4) 

0  0  * 

where  E^,  H-j  are  the  electric  and  magnetic  fields  inside  the  cavity, 
respectively,  and  a2  is  a  unit  vector  pointing  along  the  positive  z  axis. 

The  interior  electric  field  can  be  expressed  as  a  sum  of  TE  waveguide  modes, 
viz., 


B_  = 


Im 


sin 


ka 

r~ 


where 
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Qn_  sin  (nr-)  cos  (n^)  sinh  l r  U  +  d) 

nm  a  b  nm 


r  2  =  (Hi)2  +  (3HL)2  -  k2 
nm  va  '  'b  ' 


The  coefficients  Qnm  are  determined  by  equating  Eq.  (5)  and  Eq.  (6)  at 
z  =  0.  We  find  that  only  m  =  0  modes  are  excited  and  that 
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for  n  odd,  and  zero  for  n  even. 

From  Maxwell's  equations,  we  find  that  the  interior  magnetic  field  is 

given  by 


xi 


-j 


_L  J_  E 

i?gk  dz  yi 


(8) 


Substituting  into  Eq.  (4)  and  evaluating,  we  find  that 


r  =  .  8a  _ 

C  u  n 
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As  an  example,  we  have  calculated  Ps/ 1 1 1 2 )  as  a  function  of  d/a 
assuming  a/b  =  10,  a  =  1  mm,  and  A  =  3  mm.  The  series  in  Eq.  (9)  was 
truncated  to  the  two  leading  terms.  The  result  is  shown  in  Fig.  4. 

Generally,  the  variation  of  scattered  power  with  crack  depth  is  nonlinear. 
However,  for  crack  depths  in  the  range  0.1  <  d/a  <  .5,  the  variation  is 
approximately  linear.  The  theory  is  not  strictly  applicable  for  d/a  <  .1, 
but,  of  course,  the  scattered  power  must  go  to  zero  when  d/a  =  0.  The  curve 
flattens  out  for  large  crack  depths  because,  for  the  chosen  parameter  values, 
the  evanescent  field  decays  to  a  small  value  before  the  bottom  of  the  crack  is 
reached.  Our  theory  appears  to  be  in  qualitative  agreement  with  the 
experimental  results  obtained  by  Hruby  and  Feinstein.5 


Future  Plans 

During  the  next  period  we  plan  to  carry  out  a  more  extensive 
parametric  study  of  the  theory  developed  so  far.  In  addition,  experiments 
designed  to  test  the  theory  will  be  conducted.  Finally,  consideration  will  be 
given  to  determining  how  a  measurement  and  calibration  could  be  carried  out  to 
make  the  measurement  of  crack  depth  (and  other  crack  parameters)  truly 
quantitative. 

Later  in  the  program  we  plan  to  consider  how  the  theory  can  be 
modified  to  accommodate  interior  crack  shapes  other  than  rectangular  (e.g.,  a 
penny-shaped  crack).  Also,  other  theoretical  formulations  such  as  the  one 
based  on  the  lorentz  reciprocity  relations^  will  be  studied.  Such  an 
approach  is  attractive  because  it  involves  quantities  that  are  easily 
measurable  at  the  ports  of  the  microwave  inspection  system. 
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PROJECT  II,  UNIT  B,  TASK  2 

FERROMAGNETIC  RESONANCE  PROBES  FOR  THE  DETECTION  OF 
SURFACE  FLAWS  IN  METALS 

B.A.  Auld,  G.  Elston,  D.K.  Winslow 
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C.  Fortunko 
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Introduction 

It  is  the  objective  of  this  task  to  produce  a  demonstration  model  of 
a  microwave  eddy  current  probe  using  a  high  sensitivity  ferromagnetic 
resonator  to  use  it  in  the  quantitative  determination  of  flaw  parameters. 

Background 

This  study  is  concerned  with  a  new  technique  for  the  detection  of 
surface  flaws  in  metals  -  ferromagnetic  resonance  probing.  Although  the  name 
suggests  that  this  method  would  be  applicable  only  to  magnetic  metals,  it  is  in 
fact,  a  variant  of  conventional  eddy  current  testing  and  is  therefore 
applicable  to  both  non-magnetic  and  magnetic  materials. 

In  ordinary  eddy  current  testing  a  small  search  coil,  having  in  some 
cases  a  ferrite  core  for  field  concentration,  is  placed  near  the  metal  test 
specimen  and  scanned  over  its  surface.  This  coil  is  driven  with  an  RF 
current,  typically  at  frequencies  below  one  megahertz,  which  causes  induced 
eddy  currents  to  flow  in  the  metal.  It  is  the  disturbance  of  these  eddy 
currents  by  the  presence  of  a  flaw  and  the  observation  of  the  resulting  change 
in  impedance  of  the  coil  that  constitutes  the  basic  detection  mechanism.  In 
some  cases  the  coil  is  tuned  to  resonance  with  a  capacitor  in  order  to  enhance 
the  change  of  input  impedance  caused  by  the  presence  of  the  flaw.  Because  of 
the  relatively  low  operating  frequency  the  penetration  of  the  eddy  currents 
into  the  metal  is  of  the  order  of  a  fraction  of  a  millimeter,  and  buried  flaws 
lying  close  to  the  surface  can  therefore  be  detected. 

Ferromagnetic  resonance  flaw  detection,  by  contrast,  uses  a  small 
ferromagnetic  crystal  as  the  probe.  When  such  a  crystal  is  placed  in  a  dc 
magnetic  field  and  excited  by  an  RF  field,  it  becomes  a  minature  resonator 
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(typically  0.2  to  0.3mm  in  diameter)  in  which  the  resonance  consists  of  a 
precession  of  the  crystal  magnetization  about  the  dc  magnetic  field.  This 
processing  magnetic  dipole  moments  generated  eddy  currents  on  a  metal  surface 
placed  in  proximity  to  the  crystal  resonator,  and  the  presence  of  these  eddy 
currents  causes  a  shift  of  the  resonant  frequency.  The  frequency  shift  is,  in 
turn,  further  modified  by  the  presence  or  a  surface  flaw.  Consequently,  a 
ferromagnetic  resonance  probe  is  analogous  to  a  conventional  resonant  eddy 
current  test  coil,  but  with  the  advantages  of  being  much  more  compact,  and 
having  much  higher  Q.  Both  of  these  features  lead  to  higher  detection 
sensitivity.  There  are,  however,  important  differences  between  ferromagnetic 
resonance  flaw  detection  and  the  traditional  eddy  current  approach.  Because 
the  ferromagnetic  resonator  has  a  rotating  magnetic  dipole  moment  it  produces 
a  quite  different  pattern  of  eddy  currents  than  the  fixed  dipole  moment  of  a 
conventional  test  coil.  Also,  since  the  resonator's  dipole  moment  rotates 
about  the  dc  bias  field,  the  eddy  current  pattern  depends  upon  the  orientation 
of  the  bias  field.  Figures  1  and  2  show  the  variation  of  the  eddy  current 
distribution  with  time  for  two  geometries.  In  Fig.  1  the  dc  magnetic  field  is 
normal  to  the  surface  and  the  current  pattern  rotates  360°  each  RF  cycle. 

When  the  field  is  parallel  to  the  surface  a  circular  eddy  current  pattern 
exists  when  the  RF  magnetization  is  normal  to  the  surface  (Fig.  2).  This  is 
similar  to  the  distribution  produced  by  a  pancake  coil  eddy  current  probe. 

One  quarter  cycle  later  the  distribution  shown  in  Fig.  1  occurs,  and  the 
current  loops  continue  to  shift  to  the  right  as  a  function  of  time. 

Another  point  of  difference  with  a  conventional  probe  is  that  the 
operating  frequency  is  much  higher.  The  resonant  frequency  of  a  ferromagnetic 
resonator  is  determined  by  the  dc  magnetic  field  and  has  a  minimum  value  below 
which  the  dc  magnetic  field  is  insufficient  to  saturate  the  magnetic  crystal. 
For  a  sphere  of  pure  yttrium  iron  garnet  (YIG)  this  minimum  frequency  is 
1630  MHz.  Using  gallium-doped  YIG  or  disk-shaped  samples  this  can  be  reduced, 
but  at  a  sacrifice  of  Q.  In  any  case,  it  is  not  possible  to  obtain  a  high  Q 
resonance  at  frequencies  much  below  1000  MHz.  The  significance  of  this  is 
that  the  skin  depth  in  a  metal  test  specimen  is  less  than  2. Sum  and  the 
perturbation  due  to  a  surface  flaw  is  caused  by  the  surface  currents  flowing 
down  into  the  flaw,  rather  than  by  the  disruption  of  volume  eddy  currents 
typical  of  conventional  low  frequency  eddy  current  testing. 
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a)  Magnetic  field  distribution  around  resonator  and  its  image. 
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The  current  state-of-the-art  in  eddy  current  testing  lacks  adequate 
procedures  for  interpreting  test  data  in  terms  of  the  size,  shape  and 
orientation  of  a  flaw  and  is  in  this  respect,  much  less  highly  developed  than 
ultrasonic  testing.  This  is  in  spite  of  the  fact  that  there  exists  an 
electromagnetic  scattering  theorem  that  is  completely  analogous  to  an  acoustic 
scattering  theorem  that  encompasses  a  variety  of*»2  analytical  techniques 
currently  used  in  ultrasonics.  This  electromagnetic  theorem,  generalized  to 
include  ferromagnetic  resonance,  and  its  application  to  eddy  current  detection 
of  surface  flaws  is  being  studied  under  the  support  of  the  NSF  Thrust  Program 
on  Nondestructive  Testing  at  Stanford.  A  less  general  form  of  the  theorem 
was,  in  fact,  used  in  References  3  and  4  to  analyze  eddy  current  detection  of 
spheroidal  flaws  of  dimensions  much  smaller  than  the  skin  depth.  This  is  not 
really  a  practical  case  since,  even  at  frequencies  below  1  MHz,  it  would 
require  the  flaw  to  be  smaller  than  10Mm  in  dimension.  For  ferromagnetic 
resonance  testing,  one  requires  a  method  of  analysis  applicable  to  flaws  that 
are  much  larger  than  a  skin  depth.  The  theory  being  developed  under  the  NSF 
program  is  a  refined  and  more  rigorous  version  of  the  Slater  perturbation 
theory  used  in  Reference  2.  It  expresses  the  detection  signal  in  terms  of  the 
perturbed  and  unperturbed  fields  integrated  over  the  surface  opening  of  a 
surface  crack  or,  alternatively,  as  an  integral  of  certain  combinations  of 
fields  within  the  crack.  To  evaluate  these  integrals  one  may  either  treat  the 
crack  as  a  very  small  waveguide  that  is  far  below  cutoff  or  use  solutions  of 
the  type  presented  in  Reference  5. 

Probe  Construction  and  Performance 

Figure  3  shows  a  hand  held  probe  that  has  been  built  in  the  form  of  a 
block  approximately  l"xl"x0.25"  in  size,  containing  small  samarium  cobalt 
magnets  and  a  15  mil  diameter  pure  YIG  sphere  mounted  with  its  center  less 
than  one  diameter  from  the  l"xl"  surface  that  contacts  the  test  specimen.  The 
contact  area  was  chosen  to  be  this  large  so  as  to  avoid  tilting  and  variations 
of  lift-off  as  the  probe  is  moved  over  the  sample  of  a  flat  sample.  It  could 
be  made  smaller  than  0.25"x0.25"  if  other  provisions  were  made  for  mechanical 
stability.  This  is  a  passive  prove,  in  which  the  YIG  resonator  act  as  a 
filter  tuned  to  3600  MHz  with  a  3  dB  bandwidth  of  3  MHz. 
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Greater  frequency  sensitivity  would  be  produced  by  an  active  probe. 
One  could  place  a  negative  resistance  element  in  parallel  with  the  YIG 
resonator  to  narrow  the  bandwidth  or  one  could  use  the  resonator  as  a  circuit 
element  in  a  YIG-controlled  transistor  oscillator.  These  approaches  narrow 
the  bandwidth  and  hence  increase  the  sensitivity  of  the  technique.  An 
oscillator  has  been  constructed  and  tested  using  a  gallium  doped  YIG  sphere 
(4  Ms  =  800)  and  is  being  modified  for  use  as  a  flaw  detecting  probe.  The 
bandwidth  of  0.2  MHz  obtained  thus  far,  as  compared  to  3  MHz  for  the  passive 
probe,  illustrates  the  advantages  of  this  approach. 

To  test  the  passive  probe  we  fabricated  a  series  of  test  slots  in  an 
aluminum  plate.  These  slots  extended  completely  across  the  2"  lateral  length 
of  the  plate  and  were  fabricated  in  a  variety  of  slot  depths  and  opening 
widths.  Other  test  slots  were  fabricated  by  clamping  pieces  of  shim  stock 
between  polished  blocks  of  aluminum.  As  a  check,  machined  and  clamped  slots 
of  the  same  dimensions  were  compared  and  found  to  be  in  reasonable  agreement. 
Measure  frequency  shifts  in  MHz  are  plotted  in  terms  of  slot  opening  width  and 
depth  in  Fig.  4,  and  Fig.  5.  Also  shown  are  contours  of  constant 
cross-sectional  slot  area  A  (or  slot  volume  per  unit  length). 

It  will  be  recalled  that  the  data  in  Reference  2,  taken  with  a  rather 
large  (100  mil  x  10  mil)  YIG  disc  resonator,  showed  the  frequency  shift  to  be 
proportional  to  A  and  this  was  explained  on  the  basis  of  an  approximate 
perturbation  theory.  The  theory  being  developed  under  NSF  support  shows  that 
the  dependence  on  crack  size  is  more  complicated  than  this  and,  in  fact,  the 
data  shown  in  Figs.  3  and  4,  indicate  that  the  frequency  shift  for  a  small  (15 
mil)  YIG  sphere  resonator  does  not  correlate  with  A  at  all.  In  fact,  the 
frequency  shift  is  practically  independent  of  depth  until  it  becomes 
comparable  to  or  less  than  the  width.  This  is  to  be  expected  if  the  slot  is 
regarded  as  an  electromagnetic  waveguide  below  cutoff,  since  the  fields 
excited  into  the  surface  penetrate  only  a  finite  distance  into  the  depth  and 
would  not  interact  with  the  bottom  of  a  slot  lying  below  the  penetration 
depth.  In  the  present  geometry,  however,  the  slots  are  2"  long  and  eddy 
currents  perpendicular  to  the  slot  length  will  support  a  TEM  mode  that 
penetrates  to  the  bottom  of  the  slot.  Hence,  interpretation  of  the  data  of 
Figs.  4  and  5  in  terms  of  the  theory  is,  at  present,  not  clear. 
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An  explanation  may  possibly  be  provided  by  the  small  size  of  the 
probe.  The  fields  produced  have  many  high  spatial  harmonics  which  may  not 
effectively  couple  to  the  TEM  mode.  The  results  do  indicate,  however,  that  a 
slot  10  mils  deep  by  5  mils  wide  is  very  easily  detectable.  These  slots  are 
2"  long  but  experiments  performed  with  the  probe  placed  near  the  end  of  the 
slot  shows  that  the  frequency  shift  is  unaffected  if  the  probe  is  more  than  50 
mils  from  the  end.  This  gives  an  indication  of  the  lateral  extent  of  the 
probe  field,  so  that  the  probe  is  effectively  sampling  a  section  of  the  slot 
that  is  approximately  50  mils  long.  Additional  data  on  the  length  dependence 
of  the  frequency  shift  was  obtained  by  measurements  on  through  slots  in  a 

o 

deposited  chrome-gold  ( ~  2000A)  film  on  glass.  A  200  mils  long  x  1  mil  wide 
slot  gave  a  frequency  shift  of  15  MHz  and  a  100  mils  long  x  1  mil  wide  slot 
gave  a  frequency  shift  of  12  MHz.  This  indicates  a  sampling  length  of  not 
more  than  100  mils.  Efforts  are  being  made  to  fabricate  EDM  slots  and  fatigue 
cracks  with  a  surface  length  of  the  order  of  tens  of  mils.  A  closed  fatigue 
crack  with  a  surface  length  of  about  H"  has  been  detected  in  stainless  steel 
without  use  of  any  sophisticated  electronics. 
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PROJECT  III,  UNIT  A,  TASK  1 


ULTRASONIC  MEASUREMENT  OF  ADHESIVE  BOND  STRENGTH 
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Rockwell  International  Science  Center 
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Introduction 

The  general  objective  of  this  program  is  to  develop  a  nondestructive 
method  which  would  enable  the  strength  of  adhesion  in  a  completed  adhesive 
bond  to  be  predicted.  Since  ultrasonic  waves  easily  penetrate  the  layered 
structures  involved  and  since  acoustic  pul'.es  reflected  from  the  layer  of 
adhesive  are  easily  detected,  it  is  anticipated  that  ultrasonic  techniques 
should  hold  the  maximum  possibility  for  providing  the  needed  strength 
information.  Furthermore,  the  ultrasonic  test  methods  employed  are  readily 
transferred  to  production  facilities  where  speed  of  inspection  is  paramount. 

For  the  particular  phase  of  the  program  reported  here,  the  emphasis 
has  been  placed  on  a  careful  study  of  the  Fourier  transform  of  the  ultrasonic 
signal  reflected  from  the  bonded  sandwich.  In  this  representation,  the 
frequencies  at  which  standing  waves  occur  in  the  adherends  and  in  the  adhesive 
layer  can  be  so  accurately  measured  that  small  shifts  due  to  abnormal 
conditions  at  the  adhesive-adhered  interface  should  be  detectable. 
Unfortunately,  the  problem  of  establishing  this  correlation  first  requires  the 
development  of  two  important  procedures.  First,  controlled  mechanical  tests 
must  be  performed  which  can  be  interpreted  in  terms  of  a  mechanism  of  failure 
and  which  can  make  possible  the  establishment  of  a  model  to  explain  any 
correlations  that  are  observed.  Second,  the  unwieldly  but  rigorous  theory 
that  is  available  to  predict  the  standing  wave  frequencies  of  a  particular 
bond  must  be  simplified  so  that  unusual  frequency  shifts  can  be  recognized  and 
quantified.  Both  of  these  basic  problems  were  addressed  seriously  during  the 
past  six  months  and  procedures  for  accumulating  useful  strength  data  and  the 
corresponding,  detailed  ultrasonic  data  have  now  been  established. 
Unfortunately,  the  application  of  these  procedures  to  real  adhesive  bonds  had 
just  begun  and  only  a  small  amount  of  preliminary  correlations  are  presented 
in  this  report. 
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In  the  more  broad  sense,  the  current  emphasis  placed  on  seeking 
correlations  with  strength  in  the  Fourier  transform  representation  of  the 
ultrasonic  data  is  only  a  first  step  in  the  development  of  signal  processing 
techniques  for  predicting  bond  strength.  Other  representations  and  other 
characteristic  features  in  the  signals  will  be  systematically  considered  as 
reliable  data  is  developed.  For  example,  the  frequency  dependence  of  the 
effective  attenuation  in  the  adhesive  should  be  extracted  from  the  signals 
because  it  is  the  physical  parameter  that  determines  the  frequency  at  which 
splitting  of  the  standing  waves  in  the  adherends  can  be  observed  and  this 
splitting  is  known  to  be  correlated  with  some  types  of  interfacial  weakness. 

No  matter  what  the  best  signal  feature  may  turn  out  to  be,  it  is  important  to 
establish  a  reliable  method  of  measuring  bond  strength  and  a  way  of  collecting 
detailed  ultrasonic  waveforms  before  any  correlations  can  be  attempted.  The 
present  report  describes  the  establishment  of  these  two  important  foundations 
and  starts  the  process  of  correlating  mechanical  strength  with  a  few  of  the 
most  obvious  signal  features. 

In  the  report  following,  careful  control  was  exercised  over  each  step 
in  the  experimental  program  and  a  useful  amount  of  high  quality  mechanical  and 
ultrasonic  data  has  now  been  accumulated  on  a  well  defined  set  of  specimens. 
Mathematical  modeling  efforts  hava  enabled  corrections  for  bond  line  thickness 
variations  to  be  taken  into  account  in  a  rigorous  manner.  Unfortunately,  the 
simple  correlations  between  ultrasonic  parameters  and  the  strength  which 
looked  promising  in  the  past  do  not  appear  to  be  surviving  the  detailed 
scrutiny  provided  by  the  current  data  set.  However,  more  physically 
meaningful  methods  of  treating  the  ultrasonic  data  as  well  as  microscopic 
examination  of  the  fracture  surfaces  to  elucidate  the  failure  mechanisms  have 
yet  to  be  considered  and  will  form  the  backbone  of  the  program  in  the 
immediate  future.  Subsequent  to  these  studies  based  upon  Fourier  transform 
analysis,  the  data  will  be  re-examined  with  other  types  of  signal  features 
being  tested  for  correlations. 

Strength  Measurements 

The  term  "strengh  of  an  adhesive  bond"  is  often  used  glibly  and  must 
be  more  carefully  defined  for  the  purposes  of  this  program.  Two  separate 
measures  of  strength  are  required  to  define  the  mechanical  response  of  ^n 
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adhesive  system  since  bonded  joints  can  be  made  to  fail  under  either  pure 
shearing  stresses  or  pure  peeling  stresses  One  would  hope  that  fracture 
mechanics  models  of  the  response  of  a  given  kind  of  defect  to  these  two 
loading  modes  would  provide  relationships  whereby  the  failure  stress  could  be 
predicted  from  a  measurement  of  the  characteristics  of  the  defect. 
Unfortunately,  the  fracture  mechanics  of  heterogenous  media  such  as  found  in 
adhesive  bonded  structures  is  not  well  developed  and  only  rather  crude 
estimates  can  be  made.  A  semi -empirical  analysis  of  a  simple  peel  test!  can 
yield  a  numerical  value  for  the  work  of  extending  a  crack  a  unit  distance  -  an 
equivelant  fracture  surface  energy  parameter.  This  number  can  be  inserted 
into  a  Griffith  type  energy  balance  equation2  that  predicts  the  critical 
size  of  an  interfacial  disbond  between  layers  of  considerable  disparity  in 
their  elastic  properties  (rubber  to  steel)  subjected  to  a  shearing  stress. 

The  legitimacy  of  this  procedure  has  not  been  established  but  we  will  use  it 
here  because  no  other  analysis  exists. 

The  test  specimens  were  made  from  a  pair  of  1"  wide  by  6"  long  strips 
of  aluminum  (alloy  6061)  bonded  together  using  Chemlok  304  adhesive  because  it 
does  not  contain  a  scrim  cloth  nor  does  it  evolve  any  gasses  to  produce 
porosity  during  cure.  The  aluminum  strips  were  chosen  to  be  1/8"  thick  to 
insure  their  rigidity  during  the  peel  tests  and  to  approximate  well  the  "thick 
adhered"  condition  for  shear  tests.  Furthermore,  this  thickness  results  in 
closely  spaced  resonant  frequencies  when  the  ultrasonic  data  is  analyzed, 
thereby  yielding  more  special  frequencies  at  which  to  deduce  properties  of  the 
adhesive  layer.  All  specimens  were  prepared  with  the  identical  adhesive  but 
different  surface  preparations  on  the  aluminum  to  obtain  specimens  which  would 
fail  by  a  weakness  of  adhesion  rather  than  by  cohesive  failure.  All  specimens 
had  5  mil  copper  wires  inserted  at  three  locations  along  the  6"  dimensions  to 
maintain  a  constant  bond  line  thickness  during  the  curing  process. 

Peel  tests  were  performed  in  an  Instron  machine  using  especially 
designed  grip  fixtures  to  insure  that  the  force  applied  to  the  ends  of  the 
aluminum  strips  did  not  introduce  any  torques.  A  schematic  diagram  of  this 
peel  test  system  is  shown  in  Fig.  1  which  defines  the  physical  dimensions  and 
forces  used  in  the  formulae  to  deduce  the  crack  extension  force  parameter,  G. 
It  has  been  shown that  the  crack  extension  force  is  defined  by 
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Fig.  1  Schematic  diagram  of  a  peel  test  configuration  that 
measures  the  force  necessary  to  cause  the  crack  to 
extend.  An  interfacial  failure  mode  is  shown  in  this 
example. 
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where  C  is  the  compliance  of  the  specimen  given  by 


(1) 


=  Ax 
AP 


(2) 


If  there  were  no  adhesive,  the  compliance  could  be  calculated  from  the  theory 
of  elasticity  to  be 


3 

EwhJ 

where  E  is  the  Young's  modulus  of  the  adhered  material.  For  our  purposes,  we 
will  define  the  effective  compliance  of  our  sandwich  structure  to  be 

C  =  k  a3  (4) 


where  k  is  an  empirical  constant  determined  by  measuring  the  change  in  crack 
opening  displacement,  Ax,  corresponding  to  a  change  in  load,  AP,  at  a  fixed 
value  for  the  crack  length.  (This  compliance  measurement  was  made  in  practice 
by  reducing  the  load  slightly  at  each  of  a  series  of  crack  lengths  and 
measuring  the  corresponding  change  in  displacement  and  then  plotting  the 
compliance  value  deduced  from  Eq.(2)  as  a  function  of  a^  to  define  the 
parameter  k  in  Eq.(4)).  Inserting  Eq.(4)  into  Eq.(l)  yields 


which  predicts  that  a  plot  of  P  vs  a  should  be  a  hyperbola  for  a  constant  G 
value.  Figure  2  shows  this  result  for  experimental  data  obtained  on  three 
test  specimens  with  three  different  modifications  of  the  aluminum  surface 
prior  to  bonding.  Obviously,  the  surface  treatment  has  a  profound  influence 
on  the  peel  strength  and  the  crack  extension  force  observed.  It  is  the 
objective  of  this  program  to  expose  a  correlation  between  the  G  value  and  some 
measurable  ultrasonic  parameter. 
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Fig.  2  Load,  P,  vs  crack  length,  a,  values  for  three  peel  specimens 
with  different  surface  preparations.  The  crack  extension 
force  G  has  the  units  of  dynes  per  cm  or  ergs  per  cm2.  If 
its  value  is  constant  for  all  crack  lengths,  experimental 
data  should  fall  on  the  hyperbolae  defined  by  the  solid  lines 
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Compression  shear  tests  were  performed  by  putting  a  pair  of  6“  long 
slots  on  opposite  sides  of  the  1"  wide  x  6"  long  adhesively  bonded  peel  test 
specimens  and  then  cutting  one  half  inch  wide  pieces  to  make  twelve  1"  x  h" 
specimens.  Two  strips  with  identical  surface  preparations  were  assembled  so 
that  a  total  of  24  nominally  identical  compression  shear  specimens  were 
available  to  establish  the  statistical  spread  in  strength  values.  Figure  3 
snows  the  failure  probability  deduced  from  the  compression  shear  test  data  on 
a  set  of  specimens  using  three  different  kinds  of  surface  treatments.  Unlike 
the  peel  strength  data,  the  samples  with  their  interfaces  degraded  by  grease 
showed  a  higher  resistance  to  shear  failure  than  the  samples  which  were 
prepared  using  the  as  received  condition  of  the  aluminum  surfaces.  Again,  it 
is  the  objective  of  this  program  to  expose  a  correlation  between  the  shear 
strength  and  some  measurable  ultrasonic  parameter. 

Ultrasonic  Measurements 

Since  the  mechanical  tests  described  above  generate  strength  data  on 
a  point-by-point  basis  over  the  entire  length  of  each  six  inch  long  specimen, 
the  ultrasonic  measurements  must  also  provide  detailed  information  at  each 
point.  This  is  obviously  a  large  amount  of  data  that  can  only  be  handled  by 
the  mass  storage  capabilities  of  a  digital  computer.  An  entire  RF  waveform 
showing  all  the  reflections  from  the  aluminum  adhered  surfaces  and  the  thin 
adhesive  layer  was  digitized  and  stored  along  with  the  location  of  the 
ultrasonic  probe  and  the  specimen  name  in  the  computer  memory.  Twelve 
waveforms  taken  at  h  inch  intervals  along  the  length  of  each  six  inch  long 
specimen  comprised  the  complete  set  of  ultrasonic  data.  Subsequent  to 
collecting  and  storing  these  data,  the  waveforms  were  recalled  and  Fourier 
analyzed  to  produce  the  graphs  of  reflected  amplitude  vs  frequency  shown  in 
Figs.  4  and  5.  In  addition,  the  computer  was  programmed  to  locate  and  print 
out  the  frequencies  at  which  the  minima  in  reflectivity  occurred.  These 
minima  frequencies  are  listed  in  the  table  on  the  left  side  of  each  figure. 

Theoretical  Analysis 

The  acoustic  reflectivity  of  a  multilayered  medium  has  been  treated 
in  considerable  detail  in  the  textbook  by  Brekhovshikh^  who  comments:  "It  is 
not  sensible  to  write  out  the  expressions  for  a  large  number  of  layers 
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Fig.  3  Distribution  in  compression  shear  strengths  observed  in  specimens 

prepared  with  three  different  techniques  for  degrading  the  adhesive 
to  aluminum  interface.  All  samples  showed  clearly  interfacial 
failures. 
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Fourier  transform  of  the  ultrasonic  signal  reflected  from  a  sample  whose 
compression  shear  strength  had  a  low  value  of  4.03  ksi. 
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Fourier  transform  of  the  ultrasonic  signal  reflected  from  a  sample  whose 
compression  shear  strength  had  a  high  value  of  6.10  ksi. 
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(greater  than  three)  because  the  expressions  have  an  extremely  unwieldy  and 
unclear  form."  However,  for  the  case  appropriate  to  our  experiments 
(identical  layers  symmetrically  disposed  about  the  adhesive  layer)  a 
considerable  simplification  occurs.  Sparing  the  reader  views  of  impressively 
long  algebraic  expressions,  the  final  result  for  the  reflection  coefficient 
takes  the  form 


4A  +  F 


4A  +  F 


where  E,  F  and  A  are  quadratic  functions  of  two  important  frequency  dependent 
vari ables 


27r(j 

and  e  =  tan  —  (7) 

m 

with  various  coefficients  involving  ratios  of  the  acoustic  impedances  of  the 
layers.  In  these  equations,  the  thickness  of  the  adhesive  is  t  and  that  of 
the  adhered  is  d  while  Aa  and  Am  are  the  acoustic  wavelength  in  the 
adhesive  and  the  metal  adhered  respectively.  Obviously,  the  reflectivity 
reaches  a  minimum  whenever  E  =  0  which  occurs  for  values  of  8  and  e  that 
satisfy  the  equation 


5  +  2 


ri"R 


1  1Z3 


5  e  =0 


where  the  subscripts  1,  2  and  3  refer  to  the  water  bath,  the  adhered  and  the 
adhesive  respectively  and  Z  is  the  acoustic  impedance.  Equation  S  is 
quadratic  in  f  so  two  solutions  exist  and  describe  the  splitting  of  the 
standing  wave  resonances  of  the  adhered.  The  standing  wave  resonance  in  the 
adhesive  is  described  by  solutions  of  Eq . ( 8 )  for  which  8  is  only  approximately 
equal  to  zero  since  the  solutions  occur  at  the  frequency  for  which  values  of  8 
and  «  cooperate  together  to  satisfy  Eq . ( 8 ) . 
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Equation  8  is  very  useful  because  it  predicts  the  frequencies  at 
which  prominent  features  occur  in  the  frequency  spectra  shown  in  Figs.  4  and 
5.  In  particular,  the  lowest  frequency  of  resonance  (the  dumb-bell  mode)  can 
be  easily  calculated,  and  the  amount  of  the  splitting  is  simply  the  difference 
between  two  adjacent  roots  of  the  equation.  This  simplicity  of  calculation 
will  enable  us  to  use  one  feature  of  the  spectrum  to  calculate  such  an 
illusive  quantity  as  the  local  bond  line  thickness  (t)  so  that  other  features 
can  then  be  reliably  predicted  for  comparison  with  the  observations. 

Strength  -  Ultrasonic  Parameter  Correlations 

Previous  studies  have  indicated  that  the  frequency  of  the  dumb-bell 
mode  or  the  splitting  of  the  lowest  split  resonance  could  be  correlated  with 
the  shear  strength  of  the  bond.  Also,  the  highest  frequency  at  which 
splitting  is  observed  in  the  total  spectrum  was  found  to  be  a  very  easy 
predictor  of  the  strength  for  interfaces  degraded  by  a  layer  of  grease.  The 
new  data  obtained  in  this  phase  of  the  program  provides  an  excellent 
opportunity  to  verify  or  reject  these  earlier  observations. 

An  examination  of  the  total  spectrum  for  each  specimen  whose  strength 
measurements  are  displayed  in  Fig.  3  showed  that  choosing  the  frequency  above 
which  splitting  is  not  longer  observed  required  a  very  unreliable  and 
subjective  judgement.  Hence,  it  is  not  very  accurate.  Furthermore,  the 
samples  prepared  with  a  grease  layer  of  contamination  were  not  seriously 
degraded  in  shear  strength  so  the  effect  on  the  splitting  should  not  be  very 
large.  The  best  method  for  displaying  any  correlation  between  the  highest 
frequency  for  splitting  and  the  strength  is  to  prepare  the  histogram  shown  in 
Fig.  6.  It  can  be  seen  from  this  data  presentation  that  most  of  the  weak, 
grease  degraded  bonds  showed  a  lower  value  for  the  highest  split  resonance 
frequency  than  most  of  the  strong  samples  prepared  with  the  FPL  etch.  The 
weakest  samples  (prepared  with  as-received  surfaces)  displayed  only  slightly 
lower  frequencies  for  split  resonances  and  were  very  similar  to  the  grease 
degraded  samples.  Quite  obviously  samples  with  much  more  dramatically  reduced 
strengths  must  be  prepared  and  tested  and  a  more  accurate  measure  of  the 
disappearance  of  splitting  will  have  to  be  developed. 

Turning  to  the  more  quantitative  spectral  parameters  of  the  value  of 
the  frequency  of  the  dumb-bell  mode  or  the  splitting  in  the  lowest  frequency 
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Fig.  6  Histogram  showing  the  number  of  specimens  whose  frequency  spectra 
showed  a  particular  value  for  the  highest  frequency  at  which 
splitting  could  be  observed. 
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resonance,  it  was  found  that  no  correlation  with  the  dumb-bell  resonance  could 
be  made  because  the  thickness  of  the  bond  line  dominates  this  resonant 
frequency.  Using  this  mode  to  define  the  effective  bond  line  thickness  and 
then  using  that  value  to  correct  the  observed  splitting  of  the  lowest  split 
resonance  proved  to  be  a  very  effective  way  of  reducing  the  scatter  in  the 
data.  Unfortunately,  no  correlation  with  strength  could  be  seen  in  the 
corrected  data.  This  disappointing  results  may  be  caused  by  not  having 
specimens  with  dramatically  different  strength  values  or  the  fact  that  the 
lowest  split  resonance  is  not  sensitive  enough  to  interface  variations. 

In  order  to  look  for  correlations  using  the  properties  of  the  higher 
frequency  resonance,  a  special  technique  was  used  to  overcome  the  effects 
caused  by  bond  line  thickness  variations.  All  the  data  were  examined  to  find 
individual  samples  whose  dumb-bell  mode  resonant  frequencies  were  nearly 
identical.  Using  this  smaller  set  of  samples,  strength  differences  can  be 
correlated  with  ultrasonic  parameters  for  a  constant  value  of  the  dumb-bell 
resonance  which  in  turn  implies  a  constant  bond  line  thickness.  Figure  7 
shows  how  the  degree  of  splitting  at  each  higher  frequency  resonance  varies 
with  the  frequency  of  that  resonance.  The  data  points  at  each  frequency 
correspond  to  specimens  with  different  compression  shear  strengths,  so  it  can 
be  concluded  that  the  amount  of  splitting  does  not  show  an  obvious,  systematic 
variation  with  strength.  The  solid  line  is  a  theoretical  curve  calculated 
from  the  solutions  of  Eq . ( 3 )  using  the  dumb-bell  mode  resonant  frequency  to 
define  the  only  adjustable  parameter  in  the  expression  (the  bond  line 
thickness).  Agreement  between  theory  and  experiment  appears  to  be  within  the 
experimental  scatter  of  the  data  at  frequencies  below  about  4  MHz.  This 
implies  that  at  these  low  frequencies,  the  condition  of  the  interface  between 
the  metal  and  the  adhesive  has  little  influence  on  the  standing  wave 
resonances . 

Using  the  crack  extension  force  values  deduced  from  the  peel  tests 

shown  in  Fig.  2,  and  the  values  of  the  loads  at  failure  in  the  compression 

shear  tests  shown  in  Fig.  3,  it  is  possible  to  deduce  a  value  of  the  length  of 

a  critical  disbond  at  the  interface  between  the  adhesive  and  the  metal  using  a 

Griffith  type  formula  due  to  Gent.^  The  results  of  this  calculation  predict 
that  a  flaw  10  mils  in  diameter  could  be  responsible  for  the  failure  of  the 
grease  degraded  bonds,  a  40  mil  diameter  flaw  for  the  as-received  aluminum 
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Variation  in  the  degree  of  resonant  frequency  splitting 
^  function  of  frequency  for  three  samples  having 
differing  compressive  shear  strengths  but  nearly  identical 
bond  line  thicknesses. 
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bonds  and  a  110  mil  defect  for  the  FPL  etched  samples.  All  of  these  defects 
should  be  observable  under  an  optical  microscope  and  a  search  for  them  will  be 
carried  out  in  the  near  future.  However,  it  must  be  remembered  that  the 
fracture  mechanics  arguments  are  not  very  rigorous  so  the  sizes  listed  above 
should  be  taken  only  as  order  of  magnitude  estimates. 

Conclusions 

1.  The  fracture  mechanics  of  adhesive  bonds  containing  localized  defects 
has  been  reviewed  and  used  to  define  mechanical  tests  which  measure 
the  basic  parameters  from  which  the  strength  of  bonds  subjected  to 
both  peel  and  shear  can  be  predicted. 

2.  Methods  of  preparing  and  testing  adhesively  bonded  sandwich 
structures  under  peel  and  shear  forces  have  been  established. 

3.  Computer  programs  to  rapidly  scan  ultrasonic  transducers  over 
adhesively  bonded  specimens  and  to  record  detailed  RF  waveforms  at 
many  locations  along  the  specimens  have  been  prepared. 

4.  The  mathematical  description  of  the  interaction  of  ultrasonic  waves 
with  the  layered  media  used  in  these  tests  has  been  reduced  to  a 
simple  formula  which  predicts  the  location  and  splitting  of  the 
resonant  frequencies  observed  in  the  Fourier  transform  of  the 
reflected  ultrasonic  signals. 

5.  Verification  of  the  previous  observation  that  the  bond  strength  could 
be  correlated  with  the  frequency  at  which  the  resonances  in  the 
ultrasonic  reflectivity  are  no  longer  split  was  not  very  satisfying 
the  measurement  of  the  last  split  resonance  is  not  only  a  subjective 
judgement  but  is  also  inaccurate  and  because  the  specimens  tested  to 
date  have  too  narrow  a  range  of  strengths. 

5.  Verification  of  the  previous  observations  that  the  value  of  the 

dumb-bell  mode  resonance  or  the  magnitude  of  the  splitting  of  the  low 
frequency  resonances  could  be  correlated  with  strength  was  not 
successful  because  the  range  in  strengths  of  the  specimens  tested  to 
date  was  too  small . 

7.  Now  that  the  procedures  for  measuring  bond  strength  and  for 

collecting  detailed  ultrasonic  waveforms  have  been  developed  and 
tested,  many  more  specimens  can  be  tested  over  a  wider  range  of 
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strengths.  New  ultrasonic  parameters  for  correlating  with  strength 
will  be  searched  for  using  both  new  data  and  the  old  data  stored  in 
the  computer.  In  particular,  parameters  that  depend  upon  attenuation 
effects  at  the  higher  frequencies  will  be  investigated  and  some  new 
measurements  of  the  physical  properties  of  the  adhesive  at  very  low 
frequency  will  be  carried  out. 
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PROJECT  III,  UNIT  A,  TASK  2 

ULTRASONIC  ELlIPSOMETER  APPLIED  TO 
ADHESIVE  BOND  INSPECTION 

C.  Vasile,  R.  B.  Thompson,  and  G.  A.  Alers 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 

Introduction 

A  fundamental  problem  in  the  measurement  of  adhesive  bond  strength  is 
the  determination  of  the  strength  of  adhesion  of  the  bond  between  the  poly¬ 
meric  adhesive  material  and  the  metal  sheets  which  are  being  joined.  This  is 
made  difficult  by  the  thinness  of  the  layer  of  material  affected  by  the  bond¬ 
ing  process.  The  most  conservative  estimate  would  place  its  dimensions  at  one 
interatomic  distance.  However,  in  fact,  it  is  probably  considerably  greater 
because  the  microscopic  surface  is  rough  and  the  oxide  layer  porous  so  that 
the  polymers  and  metal  oxide  are  probably  mechanically  entwined  over  distances 
of  several  hundred  atomic  diameters.  In  any  event,  it  is  necessary  to  develop 
an  inspection  technique  which  is  sensitive  to  the  physical  properties  of  very 
thin  layers  of  material. 

A  similar  problem  occurs  in  the  measurement  of  the  properties  of  very 
thin  transparent  layers  of  contaminants  on  metal  surfaces,  and  a  solution  has 
been  found  in  the  optical  el  1 ipsometer ,  Figure  1.  When  an  elliptically 
polarized  light  beam  is  reflected  from  the  surface,  its  ellipticity  changes 
because  the  complex  reflection  coefficient  for  the  component  polarized  in  the 
plane  of  the  surface  is  different  from  that  for  the  component  polarized  in  the 
plane  of  incidence.  Furthermore,  this  ellipticity  shift  is  influenced  by  thin 
layers  of  materials  on  the  surface  of  the  conductor  and  this  effect  can  be 
used  to  measure  the  thickness  and  optical  properties  of  those  layers.  Since 
the  two  components  of  the  optical  beam  have  otherwise  identical  propagation 
properties,  the  technique  is  a  relative  measurement  with  very  high  sensi- 
.  vity.  In  particular,  layers  as  thin  as  one  atomic  layer,  or  5  x  10_4  a, 
can  be  detected  and  studied. 

It  has  been  suggested  that  the  elastic  wave  analog  of  this  device 
might  prove  useful  in  the  measurement  of  adhesive  bond  strength.  Thus,  for  a 
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1  MHz  device,  the  ultrasonic  shear  wavelength  is  on  the  order  3  x  A 

sensitivity  comparable  to  that  of  the  optical  device  would  imply  that  layers 
as  small  as  1.5  /im  could  be  studied.  Of  course,  this  is  a  very  speculative 
number  since  many  parameters  enter  into  determining  the  sensitivity  which  may 
not  scale  simply.  Nevertheless,  experimental  investigation  is  strongly 
warranted. 

The  construction  of  an  ultrasonic  ellipsometer  is  made  possible  by 
newly  developed  electromagnetic  transducer  (EMAT)  technology.  These  can 
independently  excite  both  SH  and  SV  shear  waves,  as  opposed  to  usual  piezo¬ 
electric  immersion  or  wedge  transducers  which  only  excite  the  SV  waves. 

Figure  2  illustrates  one  possible  way  that  this  could  be  realized  using  the 
periodic  permanent  magnet  EMAT.  Current  driven  through  the  axial  coil  excites 
the  SM  wave,  while  current  driven  through  the  circumferential  coil  excites  the 
SV  wave.  A  pair  of  such  transducers,  combined  with  electronic  elements  to 
control  the  phase  and  amplitude  of  the  currents  delivered  to  the  two  trans¬ 
mitter  coils  and  detected  in  the  two  receiver  coils,  constitutes  an  ultrasonic 
ellipsometer  as  shown  in  Figure  3. 

A  prototype  of  such  a  device  was  constructed  as  part  of  the  Rockwell 
International  IR&D  program.  Two  problems  were  found.  First,  due  to  the 
recovery  time  problems,  it  was  impossible  to  inspect  thin  sheets  such  as  those 
typically  used  in  adhesive  bonding.  Second,  a  strong  electrical  coupling 
between  the  two  coils  was  observed  to  arise  through  the  permanent  magnet 
core.  Since  the  coils  are  orthogonal,  this  coupling  was  not  anticipated. 
However,  currents  in  one  coil  can  cause  the  magnetization  to  precess  and 
reradiate  into  the  orthogonal  coil.  This  coupling  was  sufficiently  severe  to 
make  it  impossible  to  separately  control  the  two  polarizations  and  achieve  the 
null  condition  in  the  output  of  the  receivers  that  makes  the  optical  ellipso¬ 
meter  so  sensitive  to  thin  layers  on  the  reflecting  surface. 

Current  Approach 

Two  changes  in  the  originally  proposed  device  have  been  made  to 
accommodate  these  problems.  To  avoid  the  recovery  time  limitations,  it  has 
been  decided  to  excite  plate  modes  rather  than  quasi-plane  waves.  In  this 
way,  the  waves  can  propagate  along  tine  sample  and  be  detected  after  sufficient 
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Fig.  2  Periodic  magnetic  EMATs  can  excite  shear  waves  of 
arbitrary  elliptical  polarization. 
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Fig.  3  Elastic  wave  el  1 i psometer . 
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delay  that  the  receiver  has  recovered.  In  order  for  this  to  work  satis¬ 
factorily,  it  is  necessary  that  waves  of  two  polarizations  be  excited  that  are 
degenerate  in  velocity  except  for  perturbations  produced  by  the  adhesive. 
Otherwise,  it  would  be  difficult  to  separate  changes  in  the  polarization 
produced  by  the  adhesive  from  changes  in  polarization  produced  by  changes  in 
propagation  distance.  This  is  in  general  impossible,  but  one  special  point 
exists  where  two  plate  modes  do  exhibit  degeneracy.  As  shown  in  Figure  4,  the 
SHi  mode  and  the  Sg  mode  dispersion  curves  are  tangential  at  one  point. 

Here  each  can  be  decomposed  into  plane  shear  wave  components,  each  bouncing  at 
45°  between  the  two  faces  of  the  plate.  The  SH^  mode  is  made  up  of 
horizontally  polarized  shear  waves  and  the  Sg  mode  is  made  up  of  vertically 
polarized  shear  waves.  The  principles  of  the  plate  wave  device  are  then 
completely  analogous  to  the  plane  wave  case.  The  device  described  below  has 
been  designed  accordingly  with  a  period  of  0.25  in.  to  operate  on  a  0.125  in. 
thick  plate.  In  order  to  overcome  the  problem  of  electrical  coupl ing, between 
the  coils,  we  have  designed  two  separate  transducer  pairs,  each  pair  being 
specific  to  either  the  SV  or  the  SH  polarizations.  Each  of  these  transducer 
pairs  will  be  placed  on  an  aluminum  plate  which  is  bonded  with  a  thin  adhesive 
layer  to  a  similar  plate  and  the  amplitude  of  the  waves  reaching  the  receivers 
will  be  accurately  measured  and  compared  as  in  an  optical  el  1 ipsomete^ .  The 
acoustic  aperture  of  each  transducer  has  been  made  small  (2  A)  so  that  when 
they  are  placed  side  by  side,  the  radiation  patterns  will  overlap  and,  there¬ 
fore,  interact  with  the  same  region  of  the  adhesive  bond.  Meander  coil 
windings  have  been  incorporated  to  minimize  electrical  cross-talk  by  confining 
the  induced  eddy  current  to  the  transducer  region.  These  transducer  sets  are 
presently  being  fabricated  and  will  be  tested  during  the  next  period. 

Before  the  transducers  can  be  used  side  by  side  for  quantitative 
measurements  of  the  amplutide  of  SV  and  SH  waves  that  exist  after  interaction 
with  an  adhesive  bond,  the  individual  characteristics  of  each  transmitter- 
receiver  pair  must  be  well  established  on  specimens  with  well  defined  acoustic 
responses.  A  special  adhesively  bonded  specimen  will  be  prepared  with  a  large 
area  of  both  bonded  and  unbonded  material  so  that  each  transducer  can  be 
tested  on  both  bonded  and  unbonded  plates.  Two  1-ft  by  approximately  3-ft 
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Fig.  4  Dispersion  of  plate  waves  snowing  point  of  ellipsometer  operation. 
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long  aluminum  sheets  of  1/8-in.  thickness  will  be  adhesively  bonded  together 
over  the  central  1-ft  x  1-ft  region  using  the  same  adhesive  (Chemlok  304)  and 
surface  preparation  techniques  that  are  being  used  in  the  other  parts  of  this 
program.  This  will  provide  space  enough  for  an  EMAT  transmitter-recei ver  pair 
to  operate  in  a  pitch-catch  mode  over  a  completely  unbonded  and  a  completely 
bonded  interface  condition.  After  the  characteristics  of  each  pair  are 
established,  the  pairs  will  be  operated  side  by  side  to  determine  if  optical 
ellipsometer  operation  can  be  achieved. 
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PROJECT  III,  UNIT  A,  TASK  3 
COHESIVE  BOND  STRENGTH  PREDICTION 


Paul  L.  Flynn 
S.  Paul  Henslee 
General  Dynamics 
Fort  Worth  Division 


Introduction 

A  special  project  was  conducted  to  resolve  the  inadequacies  of  the 
attenuation  data  on  bonded  FM-400  specimens  obtained  in  mid  1977.  The  poor 
data  on  FM-400  was  attributed  to  interfering  effects  caused  by  filler,  scrim 
and  small  voids.  To  solve  these  problems,  a  study  was  undertaken  to 
characterize  the  separate  contributions  to  sound  velocity,  attenuation  and 
density  made  by  the  resin,  filler  and  scrim  in  adhesives. 

The  effect  of  cure  temperature  on  acoustic  parameters  was 
investigated  on  three  film  adhesives,  FM-73,  FM-400,  and  RB-398.  FM-73  is  an 

unfilled  250°F  (121°C)  cure  epoxy,  while  FM-400  and  RB-398  are 
aluminum  filled  350°F  (177°C)  epoxies.  Acoustic  properties  were 
measured  on  the  filled  and  unfilled  adhesives  without  scrim  cloth. 

The  effect  of  moisture  content  on  acoustic  properties  was 
investigated  on  the  same  adhesives  by  comparing  the  responses  of  dry  and 
moisture  saturated  specimens.  The  effect  of  the  scrim  cloth  was  measured  by 
comparing  the  response  of  FM-400  with  and  without  scrim.  The  scattering 
properties  of  the  scrim  by  itself  in  water  was  also  measured.  Variation  in 
filler  content  occurred  naturally  in  the  FM-400  cure  temperature  variation 
specimens,  so  additional  data  was  taken  and  correlated  with  filler  density. 

Attenuation  spectra  (attenuation  coefficient  as  a  function  of 
frequency)  proved  to  be  the  most  consistent  indicator  of  cure  state,  moisture 
content  and  filler  density.  Higher  cure  temperature  caused  lower  attenuation 
spectra  to  higher  values. 
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Background 

The  1976  project  to  predict  cohesive  bond  strength  produced  good 
correlations  between  NOE  parameters  and  bond  strength.  Bond  strength 
variation  was  produced  by  mixing  Chemlok  304,  a  two-part  paste  epoxy,  in 
different  ratios.  As  the  strength  of  the  adhesive  increased  its  sound 
velocity  increased  and  its  attenuation  decreased.  The  1977  project  extended 
this  same  treatment  to  a  commercially  important  aerospace  adhesive,  FM-400. 
FM-400  contains  a  large  portion  of  aluminum  powder  filler  and  a  heavy  knit 
nylon  scrim  cloth  in  a  matrix  of  350°F  (177°C)  cure  epoxy.  Bond 
strength  variation  was  produced  by  curing  the  laminates  at  different 
temperatures.  As  the  adhesive  cured,  it  became  stronger  and  its  sound 
velocity  increased,  but  scatter  in  the  attenuation  data  precluded  any 
meaningful  correlation.  The  scatter  in  attenuation  data  was  attributed  to 
small  voids  caught  in  the  pattern  of  the  scrim  fabric. 

As  a  result  of  the  interference  caused  by  the  scrim  in  FM-400,  it  was 
decided  to  characterize  the  contribution  of  each  different  component  in  an 
adhesive  and  compare  their  effects  with  the  effects  of  conditions  known  to 
reduce  cohesive  bond  strength.  The  components  in  an  adhesive  include: 

(1)  the  polymeric  resin,  (2)  the  filler,  (3)  the  scrim  cloth,  each  of  which 
have  an  important  contribution  to  the  strength  of  the  adhesive.  The  resin  is 
certainly  the  most  important  part  of  the  system.  It  must  wet  the  bonding 
surfaces  and  the  surfaces  of  the  scrim  and  filler  and  then  cure  to  a  strong, 
stable  polymer.  The  filler  acts  as  a  reinforcement  to  the  resin  and  thus  adds 
stiffness  and  high  temperature  strength.  The  integrity  of  the  resin-filler 
interface  is  important  because  of  the  opportunity  for  adhesional  failure. 
Filler  content  will  affect  the  adhesive's  strength  and  will  also  contribute  to 
acoustic  properties  of  the  adhesive.  The  scrim  can  also  trap  gas  to  form 
small  voids  and  can  filter  filled  adhesive  to  produce  resin  rich  areas.  The 
scrim  can  also  affect  bond  strength  and  durability. 

External  parameters  can  also  effect  the  strength  of  a  bonded  joint. 
Inadequate  cure  temperature  can  produce  adhesive  with  limited  high  temperature 
strength.  In-service  high  temperature  exposure  can  degrade  most  polymer 
adhesives.  Moisture  content  leads  to  both  cohesive  and  adhesional 
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While  it  is  not  inconceivable  to  correlate  each  degrading  influence 
with  a  NDE  parameter,  it  would  be  quite  difficult  to  separate  the  effects  of 
each  variable  and  then  sum  their  strength  degrading  potentials.  For  these 
reasons,  I  have  chosen  to  investigate  each  variable  separately  and  to 
quantitatively  identify  the  effect  of  each  of  the  acoustic  properties  of 
several  adhesives.  When  each  individual  contribution  is  understood,  it  may 
then  be  possible  to  predict  cohesive  strength  under  the  unavoidable  influence 
of  several  combined  variables. 

Comparison  of  Data  Analysis  Systems 

All  previous  ultrasonic  spectroscopy  for  this  program  has  been  done 
on  the  PDP-11/45  system  with  an  analytical  Fourier  transform  program.  This 
program  differs  from  standard  FFT  programs  in  that  the  frequency  range  and 
resolution  is  not  strictly  governed  by  the  sampling  conditions.  The 
analytical  transform  extrapolates  between  each  sampled  point  in  the  time 
domain  to  give  a  piece-wise  linear  or  parabolic  continuous  function.  The 
program  then  simply  calculates  a  numerical  approximation  to  a  continuous 
Fourier  integral.  Frequency  domain  points  can  be  calculated  at  any  frequency 
by  simply  using  that  frequency  in  the  Fourier  kernel.  However,  the  ability  to 
calculate  any  frequency  point  is  no  guarantee  of  the  significance  of  the 
answer . 

Because  the  PDP-11/45  is  currently  occupied  by  other  programs  and 
because  data  analysis  is  easier  to  compare  among  groups  that  use  the  same 
transform,  a  versatile  fast  Fourier  transform  package  for  the  HP-2100  computer 
system  was  programmed.  The  system  uses  a  256  by  256-point  oscilloscope 
scanner  and  a  A  to  D  converter  to  provide  time  base  ultrasonic  data  to  the 
computer.  At  the  present  time,  all  of  the  FFT  calculations  are  programmed  in 
Fortran,  so  a  512-point  transform  takes  a  few  minutes  to  run.  The  system 
contains  several  options  directed  through  a  conditional  GO  TO  statement  which 
allows  forward  and  reverse  FFT,  Hanning  window,  plotting,  power,  storing  data, 
digital  filtering,  division  and  multiplication  of  complex  arrays  and 
suppression  or  amplification  of  specified  portions  of  arrays.  Although  slow, 
the  system  has  provided  accurate  data  analysis  with  data  significance  assured 
by  the  sampling  theory  built  into  the  standard  FFT. 
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Unlike  the  analytic  transform,  the  FFT  system  provides  the  magnitude 
of  each  array  plotted  so  that  quantitative  measurement  of  signal  strength  in 
the  time  or  frequency  bases  is  easily  handled.  This  feature  is  useful  when 
one  spectrum  is  divided  by  another  to  give  a  normalized  spectrum  when 
measuring  attenuation  as  a  function  of  frequency. 

It  would  be  very  desirable  to  implement  a  FFT  system  such  as  this  on 
the  PDP-11  or  to  upgrade  the  HP-2100  system  to  operate  on  the  same  level.  Run 
time  could  be  shortened  considerably  by  programming  the  FFT  calculation 
subroutine  in  Assembly  language  or  by  installing  a  fast  Fortran  board  for  the 
2100.  If  the  memory  of  the  2100  could  be  expanded  or  augmented  with  a 
reliable  mass  memory,  the  number  of  points  in  the  FFT  could  be  increased  to 
provide  higher  resolution  spectra.  A  transient  pulse  recorded  could  also  be 
used  to  digitize  the  signal  to  provide  data  input  format  not  limited  to  the 
resolution  and  range  of  an  oscilloscope  scanner. 

Materials  and  Procedures 


Materials 

This  study  used  three  aerospace  adhesives  of  current  industry-wide 
interest:  FM-73,  FM-400,  and  R8-398.  The  character istics  and  role  each  of 
these  adhesives  played  in  this  program  are  listed  separately  below. 

FM-73U 

FM-73U  is  an  unfilled,  unscrimmed,  250°F  (121°C)  cure  epoxy 
film.  It  could  be  accurately  called  a  neat  resin.  It  was  used  to  study  the 
behavior  of  a  curing  epoxy  resin.  Samples  were  cured  at  174,  197,  200,  205, 
224,  245,  and  260°F. 

FM-73M 

This  adhesive  has  the  same  resin  as  FM-73U,  but  contains  a  matte 
dacron  scrim.  It  sees  wider  commercial  use  than  FM-73U  because  it  is  easier 
to  handle.  This  adhesive  was  used  in  the  unfilled  adhesive  moisture  content 
study  in  the  dry,  1.5%,  and  3.0%  H2O  states. 
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RB-398 

RB-398  is  a  350°F  cure  adhesive  that  contains  a  moderated  amount 
of  aluminum  powder  filler  and  is  supported  by  a  heavy  knit  nylon  scrim.  The 
filled  resin  was  removed  from  the  scrim  and  used  to  study  the  curing  behavior 
of  a  moderately  filled  adhesive.  Specimens  were  cured  at  270,  324,  and 
350°F.  Moisture  conditioned  specimens  of  RB-398  which  included  the  scrim 
cloth  were  interrogated  in  the  dry  and  moisture  saturated  states. 

FM-400 

FM-400  is  a  350°F  cure  adhesive  that  is  heavily  filled  with 
aluminum  powder  and  is  supported  on  a  heavy  knit  nylon  scrim.  Again,  the 
filled  resin  was  removed  from  the  scrim  and  used  to  study  the  cure  behavior  of 
the  adhesive.  Specimens  were  cured  at  274,  310,  and  350°F.  FM-400 

specimens  with  scrim  were  used  to  study  the  effect  of  moisture  content  on 
attenuation.  The  scrim  cloth  was  also  extracted  and  interrogated  to  provide  a 
means  of  comparing  scrimmed  and  unscrimmed  adhesive  samples. 

Specimen  Preparation 

The  adhesive  specimens  for  the  cure  temperature  studies  were  cured  in 
a  metal lographic  mounting  press.  A  small  amount  of  resin  was  placed  in  the 
steel  cylinder  and  heated  to  the  desired  temperature  with  a  thermostatically 
controlled  heater.  The  surface  of  the  cylinder  was  sprayed  with  a  mold 
release  agent  to  prevent  sticking.  The  cylinder  was  pressurized  with  the 
hydraulic  jack  to  a  pressure  of  100  psi.  All  specimens  were  cured  for  one 
hour.  The  cylinder  was  then  allowed  to  cool  and  the  inner  plunger  was  pressed 
out.  This  process  yielded  uniform  thickness  resin  castings  with  little 
porosity.  The  lh  in.  diameter  cylinder  provided  convenient  sized  specimens 
for  ultrasonic  analysis. 

All  of  the  specimens  produced  by  this  technique  were  very  uniform, 
except  the  unscrimmed  FM-400  castings  made  for  the  cure  temperature  study. 
These  specimens  showed  a  distinct  light  area  around  one  side  of  the  clip. 

Upon  further  investigation  it  was  discovered  that  the  light  and  dark  areas 
were  caused  by  non-uniform  filler  concentration.  As  the  resin  was  heated,  it 
became  very  fluid  and  was  extruded  around  the  plunger.  This  occurred  only  on 
the  side  of  the  die  with  the  largest  gap  between  the  plunger  and  cylinder. 


Rockwell  International 

Science  Center 

SC595.32SA 


This  resin  leakage  left  one  side  of  the  chip  with  a  greater  amount  of  resin 
than  the  other.  The  resin-rich  side  of  the  chip  was  dark  and  the  filler-rich 
side  was  light. 

The  specimens  interrogated  in  the  moisture  effects  study  were 
procured  from  a  stock  of  FM-73M  and  FM-400  specimens  soaked  and  dried  to  study 
mechanical  behavior  of  adhesives  under  the  AFML  project,  "Fatigue  Behavior  of 
Adhesively  Bonded  Joints."  The  RB-398  specimens  were  borrowed  from  an  IR&D 
project  with  similar  objectives.  All  specimens  were  made  by  laminating  three 
layers  of  scrimmed  adhesive  film  and  curing  under  recommended  conditions  in  a 
mold  release  coated  aluminum  foil  bag.  This  process  yielded  large  specimens 
approximately  0.035  in.  thick  that  were  cut  into  1  in.  square  chips  for 
ultrasonic  study. 

The  scrim  cloth  material  was  extracted  from  uncured  FM-400  film  by 
dissolving  the  uncured  resin  in  acetone.  This  removed  both  the  resin  and 
filler  when  done  in  an  ultrasonic  cleaner.  The  scrim  cloth  was  then  mounted 
on  a  wire  frame  to  prevent  curling. 

Data  Acquistion  and  Analysis 

The  ultrasonic  response  of  the  adhesive  specimens  was  measured  by 
illuminating  them  with  normal  incidence,  compressional  pulses  under  water 
immersion.  A  broad  band  15  MHz  transducer  was  used  initially,  but  it  was 
eventually  replaced  with  a  25  MHz  transducer.  The  received  signals  were  set 
through  a  time  delay  circuit  to  an  oscilloscope  display  scanner.  From  here, 
voltage  levels  were  sent  to  an  A  to  D  converter  and  into  the  HP-2100  for 
processing.  This  system  allowed  up  to  256  timebase  amplitudes  to  be  extracted 
over  8  n sec.  By  varying  the  time  scale  on  the  oscilloscope,  data  could  be 
sampled  over  longer  periods  of  time.  Also  the  number  of  digitized  points 
could  be  set  from  within  the  computer  to  allow  input  of  only  the  desired 
information. 

One  of  the  basic  acoustic  properties  that  was  determined  in  this 
characterization  was  the  variation  in  attenuation  with  frequency.  This  was 
done  by  comparing  the  FFT  spectra  of  signals  returned  from  the  top  and  back 
surface  of  a  layer  of  cured  adhesive.  The  top  surface  reflection  was  used  as 
a  reference  spectra  because  it  contained  the  frequency  response 
characteristics  of  the  measurement  system.  The  back  surface  reflection 
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contained  the  measurement  system  character istics  plus  the  effects  of 
traversing  the  adhesive  layer.  The  adhesive  specimens  were  made  thick  enough 
so  that  each  signal  could  be  sampled  separately  in  the  time  domain.  The 
measurement  system  response  was  eliminated  by  dividing  the  back  surface 
spectrum  by  the  top  surface  spectrum.  This  operation  was  done  in  complex 
terms  so  that  no  generality  was  lost  in  normalization.  The  power  spectrum  of 
this  array  then  represented  the  intensity  lost  by  the  pulse  traveling  through 
the  layer  and  interacting  with  each  surface.  This  quantity  was  then  plotted 
in  logarithmic  terms  against  frequency. 

The  attenuation  component  of  the  signal  loss  can  be  separated  from 
the  surface  reflection  part  by  the  equation: 
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The  output-input  of  the  computer  was  in  the  logio  of  power  ratio, 
so  it  was  necessary  to  multiply  by  (2.303/2.0)  to  get  In  (A/A0).  The 
impedance  term  compensated  for  energy  lost  at  the  interfaces  by  a  uniform 
vertical  shift  of  the  logarithmic  data.  The  thickness  term  in  the  denominator- 
controlled  the  slope  of  the  final  data. 

The  thickness  of  the  adhesive  chips  was  measured  with  a  micrometer 
and  the  impedance  was  measured  by  comparing  the  top  surface  reflection  to  the 
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reflection  from  an  aluminum  block.  The  impedance  values  were  also  checked 
against  measured  density  and  velocity  of  sound  values. 

The  resulting  data  set  included  velocity  of  sound,  density,  impedance 
and  attenuation  as  a  function  of  frequency  over  the  bandwidth  of  the 
transducer . 

Results 


Cure  Studies 


FM-73U 

The  first  series  of  specimens  tested  to  measure  the  effect  of  cure 
temperature  on  damping  behavior  was  FM-73U  cured  between  197  and  260°F. 

The  response  of  this  material,  as  seen  in  Fig.  1,  was  first  considered 
peculiar  because  attenuation  systematically  increased  with  cure  temperature. 
The  extreme  temperatures  of  the  cure  series  were  repeated  with  new  specimens 
cured  from  174  to  260°F.  The  174°F  cure  was  very  soft  and  tacky  when 
removed  from  the  press.  The  ultrasonic  testing  results  agreed  well  with  the 
first  series  at  260  and  200°F,  as  seen  in  Fig.  2.  The  174°F  cure 
specimen  showed  distinctly  different  behavior  above  15  MHz.  The  general 
curing  behavior  of  FM-73U  can  b°  described  in  two  steps.  Upon  initial 
crosslinking,  the  attenuation  is  reduced,  especially  above  15  MHz.  Then  as 
the  resin  continues  to  cure,  the  attenuation  continues  to  increase  in  a 
systematic  manner. 

The  sound  velocity  and  impedance  both  increased  dramatically  between 
174  and  200°F,  but  afterwards  the  increase  was  slight. 

RB-398 

The  attenuation  behavior  of  unscrimmed  RB-398  was  very  systematic 
upon  going  from  the  soft  270°F  specimen  to  full  cure  at  350°F,  see 
Fig.  3.  If  this  same  behavior  is  exhibited  in  bonded  specimens,  it  would  be 
possible  to  separate  undercured  specimens  on  a  reliable  basis.  Overall,  the 
attenuation  of  this  filled  adhesive  was  much  less  than  FM-73U. 

The  velocity  of  sound  increased  only  a  few  percent  on  curing  from  270 
to  350°F  and  the  impedance  was  hardly  affected.  The  constancy  of  sound 
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Fjguro  1.  Attenuation  Spectra  on  FM-73U  Resin  Cured  Between  197  and  260° F 
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velocity  and  impedance  would  make  it  easy  to  extract  attenuation  values  from 
bondline  data  with  unknown  thickness. 

FM-400 

The  cure  temperature  study  on  unscrimmed  FM-400  showed  no  clear  trend 
with  cure  temperature,  as  seen  in  Figs.  4  and  5.  The  only  clear  separation 
occurred  between  the  light  and  dark  areas  caused  by  filler  concentration.  The 
light,  high  filler  areas.  Fig.  4,  showed  lower  attenuations  than  the  dark,  low 
filler  areas  shown  in  Fig.  5. 

The  filler  content  of  each  area  is  shown  in  Figs.  6  and  6b  at  166X. 
The  light  area  shows  filler  particles  packed  closely  together  while  the  dark 
area  has  a  filler  content  of  about  50%  which  is  representati ve  of  the  original 
material.  For  comparison  purposes,  the  filler  content  of  RB-398  is  shown  in 
Fig.  6c,  along  with  photomicrographs  of  the  previously  investigated 
Chemlok  304  in  Fig.  7.  RB-398  has  a  finer  aluminum  powder  filler  than  FM-400 

and  the  quantity  is  considerably  less.  The  Chemlok  samples  also  contain  a 
small  amount  of  filler.  Both  components  of  Chemlok  304  must  contain  equal 
amounts  of  filler  because  there  appears  to  be  no  filler  concentration 
variation  with  the  different  mixture  ratios. 

Moisture  Content  Studies 


FM-73M 

The  presence  of  moisture  in  FM-73M  adhesive  increased  the  attenuation 
at  all  frequencies.  The  dry  specimen  showed  a  linear  increase  in  attenuation 
with  frequency  from  5  to  17  MHz.  The  1.5  and  3.0%  moisture  levels  exhibited 
higher  attenuation  at  low  frequencies  and  an  increasing  greater  departure  from 
the  dry  data  at  higher  frequencies,  see  Fig.  8.  Moisture  content  had  little 
effect  on  sound  velocity  and  impedance  values. 

FM-400  and  RB-398 

Moisture  content  has  similar  effects  on  the  filled  adhesives  RB-398 
and  FM-400,  each  with  scrim.  The  attenuation-frequency  response  for  these 
materials  is  seen  in  Fig.  9.  The  FM-400  specimens  were  conditioned  at 
150°F  in  100%  RH  which  produced  a  moisture  uptake  of  4.0%.  RB-398  was 
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Figure  4.  Attenuation  Spectrum  on  FM-400  Filled  Resin  with  a  High 
Concentration  of  Aluminum  Powder  Filler. 


FM-400  Cure  Series 


Figure  5.  Attenuation  Spectrum  on  FM-400  Filled  Resin  with  a  Normal 
Concentration  of  Aluminum  Powder  Filler. 
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Figure  7.  Photomicrographs  of  Chemlok  304  Adhesive  Used  in  1976 
Experiment.  (Numbers  Beneath  each  Photo  Indicate 
Proportions  of  each  Constituent.  100X  Polarized  Light.) 


Figure  8.  Attenuation  Spectra  of  FM-73M  at  Different  Moisture  Levels 
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conditioned  at  room  temperature  in  water  to  give  3.0%  H2O.  The  attenuation 
increase  in  FM-400  was  uniform  over  the  entire  frequency  range  while  the 
RB-398  data  appeared  to  converge  at  higher  frequencies.  The  limited  bandwidth 
on  these  specimens  was  caused  by  the  degradation  of  the  15  MHz  transducer.  It 
was  replaced  by  a  broadband  25  MHz  transducer. 

Sevin  Cloth  Study 

The  effect  of  scrim  fabric  on  the  attenuation  spectrum  of  FM-400  is 
seen  in  Fig.  10.  The  scrim  fabric  was  assigned  a  thickness  of  0.008  in.  in 
the  attenuation  calculation.  The  scrim  cloth  showed  a  much  higher  attenuation 
coefficient  than  the  unscrimmed  FM-400  resin.  The  scrimmed  FM-400  fell  closer 
to  the  scrim  material,  indicating  that  the  attenuation  of  the  scrimmed 
material  is  dominated  by  the  fabric. 

Discussion 


Detection  of  Individual  Variables 

When  taken  one  at  a  time,  each  of  the  variables  caused  a  rational, 
systematic  variation  in  attenuation,  sound  velocity  and  impedance.  The  cure 
temperature  series  on  FM-73U,  an  unfilled  250°F  cure  epoxy,  showed  high 
attenuation  in  the  uncured  state  which  was  lowered  dramatically  on  initial 
curing.  With  further  curing,  the  attenuation  gradually  increased.  The 
uncured  attenuation  spectrum  was  parabolic,  while  the  more  highly  cured 
spectra  were  linear  and  parallel.  This  may  be  an  important  feature  in  the 
detection  of  uncured  resin  and  indicates  that  important  information  may  be 
obtained  at  higher  frequencies.  The  parallel  progression  of  attenuation 
spectra  for  specimens  cured  above  200°F  may  indicate  a  curing  mechanism 
different  from  the  initial  cure  or  may  be  caused  by  inaccurate  impedance 
compensation . 

The  attenuation  spectra  of  the  cure  temperature  series  on  RB-398,  a 
moderately  filled  350°F  cure  epoxy,  shows  a  consistent  progression  to 
lower  attenuation  with  increased  cure  temperature.  The  highly  filled 
350°F  cure  epoxy,  FM-400,  showed  more  sensitivity  to  filler  content  than 
to  cure  temperature.  There  may  be  a  critical  filler  content,  after  which  the 
behavior  of  the  material  is  more  strongly  governed  by  the  filler  content  than 
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Figure  10.  Attenuation  Spectra  for  FM-400  Filled  Resin,  Seri mined  FM-400 
and  FM-400  Scrim  Fabric  in  H90. 
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by  the  resin  properties.  The  filler  particles  are  about  2  x  10-3  cm  in 
diameter  while  20  MHz  radiation  gives  a  wavelength  of  about  20  x  10_3  Cm. 

It  may  be  necessary  to  use  higher  frequency  excitation  to  allow  interrogation 
of  the  resin  layers  between  filler  particles.  However,  one  would  be  limited 
by  attenuation  in  both  the  aluminum  adherend  and  in  the  adhesive. 

If  one  could  be  sure  of  the  cure  and  composition  of  the  adhesive,  the 
detection  of  moisture  could  be  done  by  observing  an  increase  in  attenuation. 
This  effect  was  seen  for  both  filled  and  unfilled  adhesives.  This  effect  may 
be  caused  by  changes  in  the  bulk  properties  of  the  resin  or  by  the  formation 
of  microcracks.  This  phenomenon  has  been  seen  by  other  workers  and  deserves 
further  investigations  due  to  the  great  impact  moisture  content  can  have  on 
the  mechanical  properties  of  polymers. 

At  this  time,  the  nondestructive  characterization  of  an  adhesive 
subjected  to  more  than  one  variable  is  not  possible.  The  result  of  combined 
variables  was  graphically  demonstrated  in  the  poor  correlation  exhibited  in 
the  1977  study  on  FM-400.  If  the  strength  of  the  adhesive  is  determined  by 
cure  temperature  and  other  variations  also  occur  in  filler  content  or 
microporosity,  the  important  variable  may  be  hidden.  It  will  only  be  possible 
to  separate  the  different  effects  when  the  contribution  of  each  variable  is 
understood  over  the  entire  frequency  range.  Then  it  may  be  possible  to 
extract  information  about  different  variables  from  different  frequency 
ranges . 

If  each  of  the  variables  can  be  characterized,  it  may  be  possible  to 
limit  each  to  a  usable  range.  It  may  be  possible  to  use  NDE  to  predict 
cohesive  strength  properties  of  an  adhesive  when  the  constituents  are 
controlled  to  prevent  large  interfering  effects.  For  example,  it  may  be 
possible  to  predict  the  cohesive  strength  of  RB-398  on  a  matte  scrim,  while  a 
heavier  knit  scrim  would  cause  too  much  interference.  Similarly,  it  may  be 
possible  to  successfully  interrogate  FM-400  if  the  filler  content  were 
lowered.  In  this  manner,  it  may  make  sense  to  manufacture  an  adhesive 
particularly  suited  for  NDE.  This  would  be  particularly  true  when  the  only 
excuse  for  not  using  adhesively  bonded  structure  is  the  lack  of  an  adequate 
strength  NDE  system. 
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Recommendations 

From  this  special  project  on  acoustic  characterization  of  adhesives, 
the  following  recommendations  can  be  made: 

(1)  Continue  the  acoustic  characterization  work  until  cure,  filler, 
scrim,  and  moisture  effects  are  known  on  sound  velocity, 
attenuation,  density  and  impedance. 

(2)  Use  the  complete  characterization  data  to  find  the  most 
sensitive  frequency  range  of  each  parameter  to  characterize  each 
variable. 

(3)  Design  an  aerospace  adhesive  with  good  mechanical  properties, 
that  has  a  resin,  filler  level  and  scrim  fabric  amenable  to  NDE 
analysis  for  cohesive  strength  prediction. 

(4)  After  the  optimum  balance  between  mechanical  and  NDE  properties 
is  determined  for  an  adhesive,  use  it  in  a  laminated  structure 
to  prove  the  concept.  This  structure  should  eventually  include 
multilayered  and  curved  panels  representative  of  advanced 
aircraft  construction. 

Future  Plans 

Now  that  the  ultrasonic  properties  of  the  bulk  adhesives  in  many 
states  of  cure  and  moisture  content  are  known,  it  is  possible  to  predict  the 
response  of  an  adhesively  bonded  sandwich  to  ultrasonic  interrogation.  Using 
these  new  data,  a  statistical  correlation  of  shear  strength  with  the 
acoustical  parameters  will  be  attempted.  Aluminum,  single  lap  shear  specimens 
bonded  with  the  RB-398  (form  IB)  adhesive  system  will  be  fabricated  with 
etched  and  unetched  aluminum  surfaces  to  generate  two  distinct  categories  of 
bond  types.  Ultrasonic  spectroscopy  and  Fokker  bond  test  parameters  will  be 
cataloged  on  various  specimens  in  an  attempt  to  correlate  with  compression 
shear  strength  measurements  on  the  bond. 
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PROJECT  III,  UNIT  B,  TASK  1 
MOISTURE  DISTRIBUTION  ANALYSES  IN  COMPOSITES 


D.  H.  Kaelble  and  P.  J.  Dynes 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


Introduction 

The  objective  in  this  years  program  is  to  develop  the  instrumental 
and  analytic  capability  to  measure  moisture  content,  evolution  rate  and 
concentration  profiles  in  advanced  composite  materials. 

Accomplishments  during  this  period  include: 

1.  Development  and  successful  testing  of  a  test  cell  for  composite 
bar  specimens. 

2.  Design  of  a  test  cell  for  analysis  of  moisture  effusion  from 
through  holes  in  composite  plates. 

3.  Progress  on  mathematical  conversion  of  computer  programs  adapted 
to  minicomputer  or  microprocessor  capability,  and 

4.  Early  extension  of  inverse  diffusion  theory  to  treat  moisture 
absorption/desorption  kinetics  of  composites  with  microstructure  damage. 

Accomplishments 

A  moisture  evolution  analyzer  (DuPont  Model  902H)  has  been  modified 
to  permit  direct  sampling  of  moisture  evolution  from  limited  length  segments 
of  bar  specimens  used  for  serviceability  and  fatigue  life  testing  of  advanced 
composites.  Figure  1  shows  the  effusion  rate  J  versus  test  time  t  at  zero 
relative  humidity  and  50°C  for  a  moisture  saturated  NARMCO  T300 
graphite/5208  epoxy  composite  bar  specimen.  The  short  time  limit  of 
measurement  is  determined  by  the  maximum  rate  capability  J  =  170  /agm/min  of 
H2O  evolution  for  the  DuPont  anaylzer  cell.  The  decrease  in  effusion  rate 
shown  in  the  experimental  curve  of  Fig.  1  is  now  analyzed  to  isolate  moisture 
content  by  the  integral  area  beneath  the  curve.  Analysis  of  the  curve  shape 
provides  direct  information  on  composite  microstructure  degradation  and  the 
moisture  concentration  profile  (for  Fickian  diffusion). 
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FIG.  1  MOISTURE  EVOLUTION  ANALYSIS  OF  3.81  cm  LENGTH  OF  COMPOSITE 
BAR  (WIDTH  =  3.81  cm,  THICKNESS  =  0.215  cm)  AT  50^0  USING 
SLEEVE  TYPE  SAMPLING  CELL  (SEE  UPPER  RIGHT  FIG.  2).  COMPOSITE 
IS  WATER  SATURATED  (1.51?  8Y  WEIGHT  H20)  T300  GRAPHITE/5208  EPOXY 
UNIAXIAL  REINFORCEMENT  WITH  PLYS  PARALLEL  TO  THICKNESS. 
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The  schematics  of  Fig.  2  illustrate  four  sampling  cell  designs  under 
development  for  moisture  distribution  analysis.  The  upper  two  designs  are 
specifically  adapted  for  laboratory  measurement  and  are  now  developed  and  in 
use.  The  lower  two  designs  are  specifically  adapted  for  field  measurements  of 
surfaces  (lower  left)  and  through  thickness  holes  (lower  right)  on  large 
composite  plate  areas. 

The  present  inverse  Fickian  model  for  calculation  of  moisture 
concentration  profiles^)  has  now  been  extensively  tested  with  ideal 
moisture  effusion  data  and  the  sensitivity  of  the  model  to  data  inputs  such  as 
time  scale  of  measurement  t,  and  diffusion  coefficient  D  has  been  evaluated. 
The  existing  inverse  Fickian  model  is  shown  to  generate  an  accurate  moisture 
concentration  profile  when  provided  with  adequate  data  inputs  with  regard  to 
both  time  t  and  0.  Incomplete  time  data  and  inaccurate  diffusion  coefficient 
data  are  shown  to  skew  these  moisture  profile  computations.  Current  studies 
of  computational  sensitivities  to  improper  t  and  D  data  are  now  guiding  the 
improved  and  systematic  design  of  moisture  diffusion  experiments. 

Our  earlier  studies  (see  ref.  1)  have  shown  that  graphite-epoxy 
composite  laminates  often  deviate  from  regular  Fickian  diffusion  response.  It 
has  also  been  shown  that  these  deviations  reveal  primary  information  on 
microstructure  and  strength  degradation  induced  by  the  hydrothermal  exposure. 
This  same  result  has  recently  been  reported  by  other  workers(^»3) . 

Or.  J.  Richardson,  Science  Center,  now  considers  it  feasible  to  extend  his 
Fickian  inverse  diffusion  equations(^)  for  moisture  concentration  profiles 
to  treat  systems  with  microstructure  degradation.  This  extension  of  the 
present  analysis  will  retain  classical  assumptions  concerning  spatial 
invariance  of  water  diffusivity  and  solubility  in  the  continuum  phase  but  will 
add  a  coupled,  two-phase  diffusion  model.  The  first  (high  diffusivity)  phase 
will  describe  a  one-dimensional  capillary  structure  of  microcracks  in  which 
water  is  physically  held  by  capillary  forces.  The  second  phase  will  describe 
the  longer  time  response  in  moisture  effusion  from  the  bulk  composite 
intervening  the  microcracks.  This  extended  moisture  effusion  analysis  model 
will  be  utilized  to  more  clearly  interpret  the  microscopic  character  of 
structure  degradation. 
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FIG.  2  MODIFIED  SURFACE  SAMPLING  CELL  DESIGNS  FOR  LABORATORY 
(UPPER  VIEWS)  AND  IN-SERVICE  (LOWER  VIEWS)  APPLICATIONS 
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A  photographic  view  of  the  modified  moisture  evolution  analyzer 
(MEA)  with  a  composite  bar  specimen  enclosed  by  the  sleeve  type  sampling  cell 
is  shown  in  Fig.  4.  Note  that  the  MEA  unit  is  highly  portable  and  amenable  to 
usage  in  the  field.  The  early  phase  of  the  implementation  of  "on-board" 
mi croprocessor  capability  is  now  under  study.  The  first  phase  of  this  effort 
is  the  conversion  of  existing  computer  programs  for  moisture  distribution 
analysis  to  operate  on  existing  minicomputers  to  which  the  MEA  unit  will  be 
directly  linked. 
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PROJECT  III,  UNIT  B,  TASK  2 
ACOUSTIC  EMISSION  SIGNATURE  ANALYSIS  IN  COMPOSITES 

L.J.  Graham 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


Introduction 

In  previous  studies  of  the  characteristics  of  acoustic  emissions 
generated  in  graphite-epoxy  composites,  empirical  observations  were  made 
relating  the  frequency  content  and  the  amplitude  distributions  of  the  emission 
signals  to  singular  points  on  the  loading  curve  of  a  specimen  and  to  the 
composite's  moisture  content. Up  to  now,  these  relationships  have  been 
difficult  to  study  systematically  because  of  limitations  in  efficiently 
handling  the  large  amount  of  data  contained  in  the  emission  signals.  Under  a 
separate  program  (Science  Center  IR&D)  an  acoustic  emission  characterization 
system  has  been  designed  and  built  which  abstracts  pertinent  information  from 
each  emission  signal  as  it  occurs  during  a  test  and  stores  this  information  in 
compact  digital  form  for  later  data  processing. 3  There  have  been  some 
problems  in  the  final  checkout  and  calibration  of  this  system  which  has 
delayed  the  planned  specimen  testing  program  under  this  task.  However,  three 
preliminary  tests  have  been  run  and  enough  data  obtained  using  the  new 
characterization  system  to  at  least  conceptually  demonstrate  its  potential 
power  to  categorize  emission  types  and  follow  the  time  evolution  of  those 
types  during  a  test. 

The  first  objective  of  this  task  is  to  relate  the  various  emission 
types  which  are  defined  by  signature  analysis  to  specific  failure  mechanisms 
which  can  occur  during  a  specimen  test.  Identification  of  these  failure 
mechanisms  will  be  based  on  the  choice  of  specimen,  inferences  from  the 
loading  history,  visual  observations  during  the  tests,  and  extensive  post-test 
microscopic  examination  of  the  specimens.  The  ultimate  objective  of  this 
two-year  program  is  to  demonstrate  failure  prediction  from  the  acoustic 
emission  signatures  in  at  least  one  case  where  specimen  failure  proceeds  by 
well-defined,  sequential  mechanistic  steps.  The  feasibility  of  failure 
prediction  for  several  practical  specimen  configurations  having  less 
well-defined  failure  paths  will  also  be  reported. 
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Acoustic  Emission  Characterization  System 

Since  success  of  the  task  objectives  depends  so  much  upon  the  use  of 
the  unique  instrumentation  that  is  being  put  into  operation,  a  brief 
description  of  its  features  will  be  given  here.  A  photograph  of  the 
instrumentation  is  shown  in  Fig.  1. 

Signals  from  one  or  two  transducers  are  processed  in  real  time  to 
determine  the  initiation  of  an  acoustic  emission  burst.  This  is  based  on  an 
operator  preset  pulse  amplitude  threshold  and  a  minimum  quite  time  between  AE 
bursts.  Once  the  beginning  of  a  burst  is  detected,  several  measurements  of 
certain  characteristics  of  the  bursts  are  made  in  parallel  circuitry.  When 
the  end  of  the  burst  is  detected,  these  measurements  are  conveterd  to  a 
compact  digital  format  and  stored  in  a  buffer  memory.  The  specified 
measurements  total  32  bytes  of  data  per  event  with  instantaneous  storage  rates 
of  up  to  150  microseconds  per  event  and  at  average  rates  of  1000  events  per 
second.  As  the  buffer  memory  becomes  filled,  the  data  for  104  events  are 
transferred  to  a  single  track  of  a  floppy  disk  without  interrupt.  Two  floppy 
disk  drives  are  used  so  that  when  one  diskette  is  filled  (8008  events),  the 
second  is  ready  to  accept  more  data  while  the  diskette  is  replaced  in  the 
first  one. 

Real-time  distribution  analysis  of  up  to  four  parameters 
simultaneously  by  a  microprocessor  controlled  graphics  terminal  is  planned, 
but  for  now  post-test  processing  of  the  data  is  done  using  a  Nova 
minicomputer.  Modifications  to  pattern  recognition  software  which  was  used 
last  year  in  the  analysis  of  acoustic  emission  signals^  is  underway  to 
accomodate  the  new  data  format  and  to  include  some  extended  capabilities. 

The  twenty-three  pieces  of  information  recorded  for  each  acoustic 
emission  event  are  listed  in  Table  I.  Representative  data  from  one  of  the 
composite  specimen  bend  tests  are  shown  in  Table  II.  Also  shown  as  the  last 
four  parameters  in  Table  I  are  front  panel  settings  which  usually  remain 
constant  throughout  a  test  and  are  not  automatically  recorded.  They  can  be 
changed  at  any  point  in  a  test  and  this  change  can  b-  kept  track  of  by 
changing  the  run  number  at  that  time.  Post-test  analysis  of  the  emission  data 
can  then  use  the  run  number  as  a  sorting  parameter  to  investigate  the  effects 
of  the  four  settings.  In  Table  II,  the  last  two  columns  (columns  24  and  25) 
are  additional  data  files  which  are  created  when  the  acoustic  emission  data 
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Figure  1.  Acoustic  emission  characterization  system. 
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Table  I.  Data  record  summary. 


Measurement 

Scale 

0  DB  REF 

Range 

1. 

Run  Number 

Hexadecimal 

0 

to 

15 

2. 

Event  Number 

BCD  Counts 

0 

to 

8007 

3. 

Event  Time 

BCD  Seconds 

0 

to 

9999.999 

4. 

Analog  Volts 

BCD  Volts 

0 

to 

19.99 

5. 

Peak  Amplitude 

BCD  DB 

1  uV 

0 

to 

99 

6. 

Energy  Counts  BCD  200uV.  us/count 

0 

to 

1,999,999 

7. 

Ring  Down  Count 

BCD  DB 

1  count 

0 

to 

118 

8. 

Event  Duration 

BCD  DB 

1  us 

0 

to 

118 

9. 

Event  Rise  Time 

BCD  DB 

1  us 

0 

to 

118 

10. 

Filter  Amplifier  Overflow 

1  bit  Flag 

0 

or 

1 

11. 

31 .6  kHz  Peak 

BCD  DB 

10uV* 

0 

to 

79 

12. 

56.2  kHz  Peak 

BCD  DB 

lOuV* 

0 

to 

79 

13. 

1QG  kHz  Peak 

BCD  DB 

lOuV* 

0 

to 

79 

14. 

177.8  kHz  Peak 

BCD  DB 

10uV* 

0 

to 

79 

15. 

316  kHz  Peak 

BCD  DB 

10uV* 

0 

to 

79 

16. 

562  kHz  Peak 

BCD  DB 

10uV* 

0 

to 

79 

17. 

1  MHz  Peak 

BCD  DB 

10uV* 

0 

to 

79 

18. 

1 . 778  MHz  Peak 

BCD  DB 

lOuV* 

0 

to 

79 

19. 

Biangulation  Delay  Time 

BCD  us 

0 

to 

+99,999 

20. 

Load  Gate  Delay  Time 

BCD  ms 

0 

to 

99,999 

21. 

Filter  Amplifier  Gain 

BCD  DB 

Uni  ty 

0 

to 

79 

22. 

Channel  1  Discriminator  Gain 

BCD  DB 

10  mV 

0 

to 

79 

23. 

Channel  2  Discriminator  Gain 

BCD  DB 

10  mV 

0 

to 

79 

2nd  Channel  Time  Out 

Decimal  us 

10  to  99,990 

Load  Start 

Decimal  ms 

0 

to 

99,900 

Load  Limit 

Decimal  ms 

0 

to 

99,900 

Rate  Delay 

Decimal  ms 

0, 

.1  to  9.9 
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are  transferred  from  the  floppy  disks  to  the  minicomputer.  These  are  used  to 
keep  track  of  emission  event  types  and  sub-types  during  the  post-test  pattern 
recognition  analysis  and  facilitates  identification  of  the  time  evolution  of 
these  types. 

A  complete  definition  of  the  parameters  listed  in  Table  I  and  a 
description  of  their  use  in  various  test  modes  are  given  in  Reference  3.  The 
most  unique  feature  of  the  Acoustic  Emission  Characterization  System  is  the 
ability  to  collect  frequency  spectral  information  from  each  emission  event.  A 
bank  of  8  parallel  filters  with  their  center  frequencies  sets  at  quarter 
decade  intervals  and  constant  relative  bandwidth  (constant  Q)  are  used  to 
separate  the  various  frequency  components  in  each  event.  Each  filter  output 
is  monitored  with  a  peak , detector  having  an  80  dB  dynamic  range.  A  filter 
bank  amplifier  preset  by  the  operator  places  this  range  anywhere  within  the 
dynamic  range  of  the  main  amplifier  chain. 

An  example  of  the  frequency  spectral  information  which  is  obtained  is 
shown  in  Fig.  2.  This  figure  was  constructed  by  recording  the  acoustic 
emissions  from  a  composite  specimen  test  on  a  modified  videotape  recorder,4 
searching  the  tape  for  two  emissions  of  different  spectral  types,  and  then 
playing  them  back  repetitively  into  a  swept  frequency  spectrum  analyzer 
(Hewlett  Packard  Model  141S/8553B/8552A)  and  into  the  Acoustic  Emission 
Characterization  System.  The  same  was  done  for  a  1  millisecond  portion  of  the 
recorded  signal  immediately  preceding  the  emission  bursts  to  establish  the 
electronic  noise  level  amplitude  as  detected  by  both  instruments.  In  both 
Figs.  2(a)  and  2(b),  the  emission  event  amplitudes  and  background  noise 
amplitudes  as  detected  at  the  filter  output  are  superimposed  on  the  Polaroid 
photographs  of  the  spectrum  analyzer  display.  The  difference  between  the  two 
emission  types  can  be  clearly  seen  by  either  spectral  representation  which 
illustrates  that  the  new  system  can  categorize  emissions  by  their  frequency 
content . 

Progress  to  Date 

Specimen  design  is  a  particularly  important  consideration  in  this 
test  program  because  of  the  number  of  different  failure  processes  that  can 
occur  in  the  graph ite-epoxy  materials  and  their  different  relative  occurrence 
in  the  various  laminate  lay-ups  and  loading  configurations.  Another 
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Figure  2.  Comparison  of  spectra!  analysis  results 
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consideration  in  specimen  design  for  acoustic  emission  testing  is  that 
extraneous  noises  from  the  loading  machine  and  from  the  load  application 
points  are  reduced  to  an  absolute  minimum  so  as  not  to  confuse  the  analysis  of 
the  flaw  generated  emissions.  With  these  two  considerations  in  mind,  two 
general  specimen  configurations  were  decided  upon,  bend  and  compression 
specimens.  Several  bend  specimen  geometries  will  be  used  to  enhance  one  or 
another  failure  process. 

Because  of  the  complex  failure  paths  that  can  occur  in  composities,  a 
simplified  model  of  the  failure  process  in  a  structional  element  was  adopted 
for  the  purpose  of  designing  the  specimen  tests.  It  was  assumed  that  the 
failure  initiation  step  involves  one  of  three  mechanisms;  matrix  crazing  due 
to  a  tensile  stress  normal  to  the  fiber  direction,  delamination  due  either  to 
compression  buckling  of  a  ply  at  a  flawed  region  between  plies  or  to 
interlaminar  shear  stresses,  and  fiber  buckling  at  defects  on  the  compression 
surface.  All  of  these  mechanisms  are  affected  by  moisture  and  at  least  the 
first  two  are  also  believed  to  produce  characteristic  acoustic  emission 
signals,  based  on  previous  work.  Initial  tests  will  therefore  concentrate  on 
these  mechanisms  with  and  without  the  affects  of  moisture.  Twenty-five  bend 
specimens  have  been  prepared  from  a  unidirectional  composite  plate  designated 
SC4  previously^  (Hercules  3501-5  Epoxy/Type  AS  graphite  fiber),  and,  as 
mentioned  before,  three  of  these  specimens  have  been  tested,  primarily  for  the 
purpose  of  checking  out  the  operation  of  the  new  instrumentation.  Enough  of 
this  material  is  available  for  compression  specimens  and  further  bend 
specimens  as  found  necessary.  The  feasibility  of  making  specimens  from  the 
epoxy  material  without  the  graphite  fibers  has  been  determined  and  plans  for 
doing  this  are  underway. 

After  the  initial  step  in  the  failure  process,  several  mechanisms  can 
occur  depending  upon  the  load  transfer  process  from  the  weaker  structural 
links  in  the  composite  to  successively  stronger  ones.  These  mechanisms  are 
trans-fiber  fracture  of  the  matrix,  fiber-matrix  interface  debonding,  fiber 
fracture,  and  fiber  pull-out.  Identification  of  unique  acoustic  emission 
signatures  for  each  of  these  mechanisms  will  be  attempted  using  cross-ply 
laminate  specimens  and  epoxy  specimens  containing  single  fibers.  Plans  for 
obtaining  these  specimens  have  been  initiated. 
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Related  Programs 

Two  acoustic  emission  programs  in  which  AFML  also  has  an  interest 
have  been  running  in  parallel  with  this  subject  task.  Highlights  in  the 
progress  of  these  programs  are  presented  in  the  following  paragraphs. 

Advanced  Composite  Serviceability  Program.  -  This  program  will 
determine  the  consequences  of  manufacturing  flaws,  damage  from  flight-induced 
loads,  and  other  degradational  effects  encountered  by  the  B-l  aircraft 
vertical  stabilizer,  generic  of  primary  structure  defect  and  damage  types.  It 
is  being  carried  out  for  AFML  by  the  Los  Angeles  Division  (LAD)  and  Science 
Center  (SC),  Rockwell  International  and  the  Illinois  Institute  of  Technology 
Research  Institute  (IITRI).  As  a  result  of  a  feasibility  study  made  in  June 
1977  by  SC  personnel,  the  decision  was  made  to  install  acoustic  emission  (AE) 
instrumentation  on  the  mul ti -specimen  fatigue  tests  at  IITRI.  General 
instrumentation  requirements  were  defined  from  the  results  of  the  feasibility 
study  and  equipment  was  purchased  by  IITRI  which  would  permit  monitoring  of  up 
to  five  specimens  simultaneously  for  an  indication  of  flaw  growth  during  the 
fatigue  testing.  This  was  intended  to  provide  a  continuous  qualitative  record 
of  the  relative  activity  in  the  specimens  to  complement  the  information  from 
other  more  quantitative  but  periodic  NDE  inspections. 

The  basic  problem  in  monitoring  the  flaw  generated  AE  during  these 
tests  was  one  of  discriminating  these  signals  from  the  other  noise  signals  in 
the  test  environment.  Based  on  the  results  of  the  feasibility  study,  five 
special  transducers  and  frequency  filters  were  constructed  to  use  with  the 
purchased  instrumentation  which  would  eliminate  most  of  the  extraneous  noise 
by  frequency  selectivity.  One  other  source  of  noise  which  has  the  same 
fre  .uency  content  as  the  flaw  generated  emissions  is  caused  by  fretting  of  the 
specimen  at  the  loading  grips.  The  initial  study  indicated  that  these  burst 
type  noises  were  generally  of  lower  amplitude  than  the  AE  seen  in  laboratory 
specimen  tests  and  so  could  be  discriminated  on  that  basis.  Electrical  noise 
spikes  picked  up  by  radiation  and  through  the  power  connections,  primarily 
caused  by  nearby  electrical  relays,  were  less  frequent  but  also  troublesome, 
but  could  be  eliminated  by  line  isolation  or  extra  shielding. 

In  January  1978,  the  AE  monitoring  instrumentation  was  assembled  and 
a  three-specimen  fatigue  test  monitored.  Some  changes  which  had  been  made  in 
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the  mechanical  loading  fixture  which  provided  better  acoustic  coupling  between 
the  extraneous  noise  sources  and  the  AE  transducers  were  found  to  not  present 
a  serious  problem.  However,  grip  noise,  particularly  for  one  of  the 
specimens,  was  extremely  bad  during  the  initial  portion  of  the  test.  It  was 
also  found  to  vary  with  time  during  temperature  transients  in  the 
environmental  chamber  in  which  the  specimens  were  tested.  This  required 
operator  attention  during  these  periods  to  adjust  the  instrumentation  settings 
to  obtain  reasonable  background  noise  detection  levels. 

About  three  hours  into  the  test,  one  specimen  became  very  noisy  and 
after  another  half-hour  it  failed  in  the  gripped  region  and  the  test  was 
halted.  Because  of  the  other  problems  with  grip  noise,  this  failure  was  not 
predicted  from  the  AE  record,  but  post-test  analysis  indicated  that  with  more 
experience  and  confidence  in  the  AE  monitoring  system  it  could  easily  have 
been  predicted. 

Based  on  this  experience,  a  tentative  operating  procedure  was  'written 
for  use  by  IITRI  personnel  on  further  tests.  Specific  recommendations  were 
also  made  for  ameliorating  the  grip  noise  problem  and  grip  failures.  The 
operating  procedure  will  be  updated  periodically  during  the  specimen  testing 
program  as  experience  is  gained  in  using  the  AE  monitoring  system. 

TTCP-PAG3(a)  Action  Group  on  Acoustic  Emission.  -  This  action  group 
of  the  Technical  Cooperation  Program  has  as  members  representatives  from  eight 
military  R&D  laboratories  in  the  U.S.  and  U.K.  (Australia,  Canada,  and 
England)  and  from  the  Science  Center.  Its  charter  is  to  establish  methods  for 
quantitative  AE  data  tranferabi 1 ity  between  various  laboratories  where 
different  types  of  instrumentation  may  be  in  use  and  between  laboratory  and 
field  tests,  and  to  study  the  basic  AE  character istics  and  source  mechanisms 
for  selected  materials. 

A  common  problem  when  comparing  AE  data  obtained  at  two  different 
laboratories  is  that  the  AE  signals  which  are  analyzed  to  obtain  those  data 
depend  strongly  upon  the  character istics  of  the  instrumentation  used  to  detect 
and  process  them.  They  also  depend  to  some  extent  upon  the  test  specimen 
geometry  and  transducer  placement  on  it.  As  a  result,  quantitative  agreement 
between  two  sets  of  data  is  rare  and  sometimes  even  qualitative  agreement  is 
not  obvious.  In  an  attempt  to  obviate  this  problem,  the  members  of  the  Action 
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Group  selected  a  "standard"  broadband  noise  source  (helium  gas  jet)  which 
could  be  injected  at  a  localized  point  on  a  specimen.  This  would  establish  a 
"system  response"  in  the  defined  frequency  range  of  0.2  to  1.0  MHz  which  could 
be  used  to  normalize  subsequent  AE  data. 

At  a  meeting  in  November  1977,  the  success  of  this  normalization 
method  was  affirmed  when  substantial  agreement  was  found  in  the  normalized 
amplitude  and  frequency  spectral  content  of  AE  signals  from  two  sets  of 
specimens  tested  in  the  various  laboratories  although  quite  different  results 
were  observed  before  normalization.  A  report  of  these  results  was  prepared 
for  submission  to  the  TTCP  Committee  and  plans  for  journal  publication  of  the 
results  were  formulated. 

Work  is  currently  underway  to  confirm  and  extend  these  results.  Each 
of  the  nine  laboratories  is  testing  a  specimen  of  their  own  design  and  sending 
duplicate  specimens  to  one  other  laboratory  for  comparative  testing. 

Reportable  data  will  include  other  AE  parameters  such  as  event  count,  emission 
count,  amplitude  distributions,  and  energy  as  well  as  the  frequency  spectra  to 
provide  a  data  base  for  finding  a  method  for  also  normalizing  these  parameters 
through  the  system  spectral  response.  These  results  will  be  evaluated  at  a 
meeting  in  May  1978  at  which  time  a  limited  number  of  specimen  and  material 
combinations  will  be  selected  for  a  concentrated  effort  at  data  normalization 
and  materials  characterization  by  the  entire  group. 
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DEFECT  FRACTURE  PROBABILITIES 
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Introduction 

Fracture  from  surface  cracks  in  ceramics  is  reasonably 
we  11 -comprehended  in  terms  of  established  fracture  mechanics  solutions  that 
take  account  of  the  crack  depth,  aspect  ratio  and  orientation.  However, 
fracture  from  volume  defects,  such  as  voids  and  inclusions,  has  not  been 
thoroughly  investigated.  The  pertinent  theory  and  experiments  will  be 
conducted  in  this  task.  Initially,  fracture  from  spherical  and  cylindrical 
voids  has  been  analyzed,  and  correlated  with  available  data  for 
polycrystall ine  AI2O3.  The  analysis  will  subsequently  be  extended  to 
include  ellipsoidal  voids  and  inclusions,  as  well  as  defects  of  irregular 
shape.  A  comprehensive  analytic  basis  for  interpretation  of  the  fracture 
results  on  disc  samples  will  then  have  been  established. 

The  analysis  for  spherical  voids  combines  fracture  mechanics 
solutions  for  radial  cracks  emanating  from  voids  with  functions  for  the  size 
and  spatial  distribution  of  void  surface  cracks.  This  approach  allows  the 
stress  dependence  of  the  fracture  probability  to  be  derived  as  functions  of 
the  void  radius  and  the  flaw  distribution  parameters.  The  void  size 
dependence  of  the  fracture  probability  is  found  to  be  a  strong  function  of  the 
shape  parameter,  m,  of  the  flaw  distribution;  specifically,  for  small  values 
of  m,  voids  of  appreciable  size  have  little  effect  on  the  fracture 
probability,  while  for  large  m  values,  fracture  is  strongly  influenced  by  the 
presence  of  voids. 

Analysis  of  Fracture  From  Spherical  Voids 

Fracture  from  cavities  is  most  realistically  treated  by  examining 
the  extension  of  flaws  at  (or  near)  the  cavity  surface^’^3.  The  flaws  are 
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considered  to  extend  when  the  stress  intensity  due  to  the  combined  stress 
field  of  the  cavity  and  the  flaw,  attain  the  critical  value  for  local  crack 
extension.  The  flaw  responsible  for  fracture  in  polycrystalli ne  ceramics  may 
either  pre-exist  or  may  develop  due  to  subcritical  extension  of  grain  boundary 
cusps.  In  either  case,  a  distribution  of  flaws  should  exist,  prior  to  final 
fracture,  in  the  vicinity  of  the  cavity  surface.  The  analysis  of  fracture 
from  cavities  is  thus  a  statistical  problem,  involving  the  extension  of  crack 
distributions  in  localized  stress  fields. 

1.  Stress  Intensity  Factor  Solutions.  The  first  three-dimensional 
problem  of  interest  pertains  to  the  equatorial  annular  crack  emanating  from  a 
spherical  cavity,  normal  to  the  applied  stress  (Fig.  1).  The  tensile  stress 
normal  to  the  crack  plane  crz  is7 


a  =  a 
z  °° 


i  +  (4-5*0  /  r  \3  9  /  r  f 

2(7-5*')  \r+x/  2  ( 7-sV )  \^r+xj 


(1) 


where  v  is  Poisson's  ratio.  A  lower  bound  for  the  stress  intensity  factor  can 
be  obtained  by  imposing  this  stress  onto  che  surface  of  a  penny  crack  (with 
<rz  =  0  for  x  <  0),  by  analyzing  the  function^; 

1 


K 


/ay5  C  Vdx 


(2) 


Substituting  <rz  from  Eq.  (1)  and  integrating  gives  the  result  plotted  in 
Fig.  1,  obtained  for  v  =  0.2.  An  approximate  correction  for  the  additional 
displacement  due  to  the  cavity  surface  (based  on  that  obtained  for  a 
two-dimensional  calculation),  and  the  crack  solution,  are  also  shown. 

Secondly,  a  solution  is  obtained  for  a  partial  circular  crack  on  the 
surface  of  a  spherical  cavity  (Fig.  2);  a  configuration  that  would  be  most 
typical  of  a  void  in  a  polycrystalline  ceramic.  For  this  purpose  consider  the 
crack  shown  in  Fig.  2b.  The  maximum  stress  intensity  factor  location  in  the 
configuration  coincides  with  the  position  of  maximum  surface  traction,  i.e., 
at  0  and  O'.  A  lower  bound  for  the  stress  intensity  factor  at  these  locations 
(for  a/r  0.3)  is^>8. 
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0  0 

where  y  is  the  radial  distance  from  the  crack  center  (Fig.  2b). 

The  pressure  distribution  crz°  can  be  deduced  from  Eq.  (1)  as; 

(1  +£asin0)  3  +  2(  7-1^7  (  1  +  £asin6)"5^ 

Substituting  cr2°  into  Eq.  3  and  integrating  yields  the  result  plotted  in 
Fig.  2a,  obtained  for  v-  0.2.  Again  an  appropriate  surface  correction  is 
constructed,  and  plotted  on  the  same  figure.  In  this  case,  since  the  crack 
front  of  interest  is  always  located  at  the  cavity  surface  (Fig.  2b)  the 
surface  correction  should  not  exhibit  a  marked  dependence  on  a/r. 

Inspection  of  Figs.  1  and  2  indicates  that  stress  gradient  effects 
are  negligible  for  a/r  <  10“2.  Further,  it  is  apparent  that  the  stress 
gradient  has  a  relatively  small  effect  on  K  for  the  semi-circular  surface 
crack  (Fig.  2a).  This  result  certains  because  the  positions  of  maximum  K 
occur  at  the  cavity  surface.  However,  since  the  K  values  for  the 
fully-developed  annular  crack  (Fig.  1)  are  lower  (for  given  a/r)  than  for 
the  surface  crack,  stable  growth  of  the  surface  crack  to  either  a  full  annular 
crack,  or  to  an  intermediate  configuration,  appears  possible.  The  condition 
that  pertains  at  instability  is  thus  likely  to  more  closely  resemble  that  for 
the  annular  crack  than  for  the  surface  crack  (c.f.  circular  crack  development 
in  Hertzian  fracture^).  However,  the  incidence  of  stable  crack  growth  prior 
to  instability  would  complicate  the  statistical  analysis  of  fracture  from 
cavities,  as  emphasized  in  the  following  section. 

2.  Fracture  Statistics.  The  probability  of  fracture  *(S)  when 
fracture  occurs  by  the  unstable  extension  of  non-interacting  surface  cracks 
is,  in  general,  related  to  the  state  of  stress,  S,  by^; 

S 

-cn  [  i  -‘K  s  )i =  y*dA  y*  g(s)ds 

A  o 


My/a)2]*5  o\ 

[  l-2(y7a)  cos©+  (y/a ) [  dyd  9 
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where  A  is  the  stressed  area  and  g(S)dS  is  the  number  of  flaws  in  unit  area 
that  extend  unstably  in  the  stress  range  S  to  S  +  dS.  The  function  g(S)  can 
be  deduced  from  experimental  strength  data111’11  and  usually,  several  flaw 
populations  exist  over  the  entire  strength  range11  (0  —  <*>) ;  so  that  several 
functional  forms  are  needed  to  fully-describe  g(S).  However,  for  a  restricted 
range  of  strength,  the  reduced  Weibull  function1^  is  usually  found  to  afford 
an  adequate  description; 

/  g(S)dS  =  (fj  (6) 

where  m  is  a  shape  parameter  and  S0  a  scale  parameter.  This  fracture 
probability  relation  can  be  used  in  conjunction  with  stress  fields  at  cavity 
surfaces  and  K  solutions  to  obtain  expressions  for  cavity  fracture.  Some 


caution  should  be  exercised,  however,  when  the  subcritical  extension  of 
surface  cracks  is  involved  (see  Section  2),  because  this  violates  one  of  the 
postulates  used  to  derive  Eq.  (5).  For  flaws  located  at  the  surface  of  a 


spherical  cavity,  the  only  stresses  that  exist  (Fig.  3a)  are  the  tangential 
stresses17 , 


cos  29 


(7) 


where  6  is  the  angle  defined  in  Fig.  3a. 

The  statistical  problem  is  thus  concerned  with  the  analysis  of 
biaxial  fracture.  The  fracture  criterion  that  has  most  successfully  described 
multiaxial  fracture1^  (as  well  as  angular  dependencies  of  fracture1^)  in 
ceramics  is  that  based  on  the  co-planar  strain  energy  release  rate; 


where  Sj  is  the  flaw  extension  stress  in  equi-tr iaxial  tension,  <xn  is  the 
tensile  stress  normal  to  the  flaw  and  rm  is  the  maximum  in-plane  shear 
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stress.  For  flaws  located  in  the  surface  element  dA  of  the  spherical  volume 

shown  in  Fig.  3b,  the  stresses  crn  and  rm  are  related  to  the  stresses  cr,  a 

& 

and  the  angles  <£  and  0  defined  in  the  figure  by; 

2  4r  2.4  24  2 

on  =  cos  <p  \aa  sin  0  +  oQ  cos  0  +  2oaoQcosc  0 sin*  0j 

2  2  f  2  2  2  ?  p  o  o  « 

Tu.  =  cos  0  a  sin  0(  1-cos  0 sin^0)  +  cos  0 (1-cos*  0cos*0) 

2221 
+  2a0a  cos  <f>  cos  0 sin  0 

a  -> 

If  the  strength  distribution  in  triaxial  tension  is  now  defined  by  a 
Weibull-type  function  (see  Eq.  6); 

9<ST>=Qr)  (10> 

consideration  of  the  eight  equivalent  areal  elements  dA  =  cos  (fcd<fcd0  (Fig.  3b) 
on  a  unit  sphere  allows  the  biaxial  strength  distribution  function  to  be 
derived  for  a  given  #14; 

*/2  */ 2  k 

g(Soo)  e  =  I  /  /  (“S’)  cos  0  d$d0d  ST 

{  JQ  VS?/  T  (11) 

Then  substituting  Eq.  (11)  into  Eq.  (5)  allows  the  probability  of  fracture 
from  the  cavity  to  be  expressed  as; 


S,  ,s  vk  0.35tt 

-Cnj^l-<t>(S^)l  =  8r2  J  (  ~ J  dS^  J  cos  <P  cos  6 
I  2  \  o  \  o/  o 

^(7-5  J)y[-  cos^  $  (4-5  v+  5  cos2  0)2  cos4  0+  (5  ^  cos2  0-1)2  cos2  <p  sin4  0 

+  2(4-5^+  5  cos20)  (5^cos^-0-l)  cos2 0  cos2  0sin2  0 
+  (4/(2-’i2  ((5t'cos20-l)2  sin20(  1-cos2  <t>  sin20) 

+  (4-5^  +  5  cos 20)2  cos2  0 ( 1-cos2 d  cos20)  +  (4-5^  +  5  cos20) 

?  2  2  p  ,]  ) (k+l)/2 

(5^  cos  0-1)  cos  0  cos  0s in  0J  >  d0d0d0 

9  n  r  n 

=  8r2  B(k,v)  s°  (sf/s°)  Ak+1) 
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The  equivalent  fracture  probability  for  uniaxial  tension^  is; 

-*n  [l-*  (O]  *  Ag  Iu(k,»)  S°  (S^/S°)k+1/(k+l) 


(13) 


where  Ag  is  the  gauge  surface  area.  Expressing  Eq.  (13)  in  the  more 
conventional  notation; 


-in 


=  A  (Su/S  ) 
g  eo  o' 


m 


(14) 


and  substituting  into  Eq.  (12)  the  fracture  probability  from  the  cavity 
becomes ; 


-£n  [l-«*S^]  =  Sr2  C(m,i»)  (S^/SQ)m 


(15) 


where  C(m)  is  plotted  in  Fig.  3a  for  v=0.2. 

Now,  a  stress  gradient  correction  must  be  applied,  using  the 
appropriate  K  solution.  The  annular  crack  result  is  used  for  this  purpose. 
The  stress  intensity  factor  is  given,  in  general,  by 


_2_ 
ST 


K  =  — /a r  F2  (a/r ,  9  ) 


(16) 


For  9  =  0,  F2  (a/r)  can  be  expressed  from  Fig.  1,  by  interpolation  between 
the  crack  solution  and  the  superposition  solution,  as; 


F2  (  /r ) 


=  1  +  0.36 

0.3  +  (a/r) 

9=o 


(17) 


The  effective  flaw  strength  S  is  thus,  for  a<  0.6, 

I*  =  0.33  +  2  (0.11  -  0.18a)?i  cosh(y/3)  =  D(a) 


(18) 


where 


7  =  cosh"1  [0.35  (l-»«)/(0.11  -  0.18a)3/2] 
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and  for  <x> 0.6 

=  0.33  +  2(0. 18a  -  O.ll)*8  sinh  (V/3) 


where 

V  =  sinh-1  [0.35(l+a)/(0.18a  -  0.11)3/2] 


(19) 


fracture  probability  becomes; 


/  s  \ 

-fin  [l-*(Sj]  =  8 r  If)  C(nt)  D  - 


1  in 

the 

tensile 

N 

2 

m 

l 

r 

COI 
8  1 

/ 

(20) 


The  fracture  probabilities  predicted  by  Eq.  (20)  are  plotted  in  Fig.  4  as  a 

A 

function  of  the  normalized  strength  S^/Sq  for  several  relative  void  radii, 
r/r0,  and  a  typical  m  of  4;  r*  and  Kc2/r02  are  chosen  to  be  unity. 

The  probabilities  obtained  from  Eq.  (15)  are  also  plotted  for  comparison. 

3.  Fracture  Studies.  The  applicability  of  the  fracture  relations 
derived  in  the  preceding  sections  can  only  be  adequately  assessed  if  cavities 
with  well-defined  surface  crack  distributions  are  prepared  and  tested. 
Preliminary  studies  are  reported  for  cylindrical  holes.  The  holes  are 
prepared  by  drilling,  and  should  contain  surface  cracks  with  a  size 
distribution  similar  to  that  produced  by  surface  grinding.  The  pertinent 
crack  size  distribution  funtion  for  the  hole  might  thus  be  estimated  from 
separate  strength  tests  on  samples  with  ground  surfaces. 

The  strength  results  are  tabulated  in  Table  I.  As  anticipated,  the 
presence  of  the  holes  reduced  the  strength.  Inspection  of  the  samples 
containing  the  holes  indicated  that  the  fracture,  in  all  cases,  initiated 
within  the  hole  near  the  outer  surface. 

For  the  samples  without  cavities,  the  fracture  probability  in  four 
point  flexure,  for  fracture  occurring  within  the  inner  span,  can  be  derived 
directly  from  Eq.  (5)  as; 
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-£n 


i-*(sa)l  • 


]  ■  fit 


£b+2£ 


d2 


tin 


=  hr)  C  [b+d/tm+l)] 


(21) 


where  t  is  the  inner  span,  b  the  sample  width,  d  the  sample  depth,  Sa  the 
outer  fiber  stress  at  fracture  and  z  the  distance  from  the  tensile  surface; 
the  first  term  in  the  parentheses  relates  to  fracture  from  the  tensile 
surface,  and  the  second  term  allows  for  fracture  from  the  side  faces.  For  the 
samples  containing  the  drilled  cavities,  the  fracture  probability  (c.f. 


Eq.  20)  is 

-«n  [l-*(SH)l 


d/2 


(8b-'1'2+(iTl))  ♦4rMm)Zm/(1-^)d* 

('■~2  ^ 


(22) 


\  A 

Equating  Eq.  (21)  and  (22)  allows  the  strength  ratio  Sn/Sa  to  be 
predicted  for  equivalent  fracture  probabilities.  The  strengths  of  the  samples 
with  the  drilled  holes,  predicted  from  the  strengths  of  the  samples  without 
holes  (using  Kc  =  4  MPa  vm)  are  plotted  in  Fig.  5.  Comparison  with  the 
measured  strengths  indicates  a  relatively  good  correlation;  with  the  predicted 
strengths  being  slightly  larger  than  the  measured  strengths.  The  small 
disparity  may  arise  because  the  cracks  in  the  immediate  vicinity  of  the  corner 
between  the  hole  and  the  surface  experience  a  larger  K  than  that  anticipated 
by  the  present  analytic  solution. 

4.  Failure  Prediction.  The  prediction  of  failure  from  isolated 
cavities  in  dense  ceramics  can  directly  utilize  Eq.  (20),  when  the  cavities 
are  nearly  spherical  in  shape.  (The  derivation  of  fracture  probabilities  for 
ellipsoidal  cavities  and  cavities  of  irregular  shape  will  be  conducted  in  a 
separate  study^l).  yhe  probability  of  service  failure  4>y,  at  a  stress 
level  <rA,  based  on  a  nondestructive  character ization  of  the  cavity 
dimensions,  if  all  cavities  with  an  interpreted  cavity  radius  r-j  are 
accepted  i s 21 ; 
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aA  ri 


^aA’  ri°^  J  f  dr.  dSo 


ooo 


(23) 


where  0(Soo)dS  is  the  derivative  of  Eq.  (20),  <|>(rijr)dri  is  the  probability 
that  the  nondestructi vely  interpreted  cavity  radius  rj  is  in  the  range  r-j 
to  rj+drj  given  that  its  actual  radius  is  r.  It  is  apparent,  therefore, 
that  some  a  priori  knowledge  of  the  cavity  radius  distribution  in  the 
material,  d>(r)dr,  is  needed  to  obtain  the  failure  probability  from  the  cavity 
failure  function,  in  addition  to  a  quantitative  nondestructive  method  for 
characterizing  (in  a  we  11 -comprehended  fashion)  the  cavity  dimensions^. 
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PROJECT  III,  UNIT  C,  TASK  2 

FAILURE  PREDICTION  ANALYSES 

J.  M.  Richardson,  A.  G.  Evans,  N.  Mann 
Rockwell  International  Science  Center 


Introduction 

The  ability  of  nondestructive  techniques  for  predicting  failure  can 
be  quantified  by  means  of  f alse-accept,  false-reject  curves.  The  expressions 
relating  the  false-accept  rate  (or  the  failure  probability)  and  the 
false-reject  rate  (or  the  rejection  probability)  have  been  derived  in  terms  of 
the  probability  functions  that  describe  the  important  material  and  test 
variables.  Some  insights  concerning  the  appropriate  probability  functions  has 
already  been  obtained  from  other  studies  (e.g.,  Task  2),  but  this  aspect  of 
the  problem  will  receive  greater  emphasis  following  the  acquisiton  of  the 
first  sets  of  inspection  and  fracture  data. 

Probablistic  Failure  Prediction. 

The  defect  inspection  technique  will  provide  information  about  the 
dimensions,  orientation  and  character  of  the  defect.  The  extent  to  which  each 
of  these  might  be  defined  by  a  specific  inspection  technique  or  might  be 
important  in  terms  of  its  effect  on  failure  remains  to  be  determined.  The 
details  of  the  probablistic  analysis  thus  await  the  generation  of  the  relevant 
information.  However,  it  is  certain  a  priori  that  a  knowledge  of  at  least  one 
dimension  (e.g.,  maximum  dimension)  of  the  defect  will  be  required  to  predict 
failure.  The  probablistic  approach  to  failure  prediction  has  thus  been 
derived  at  a  preliminary  level,  for  a  specific  defect  type  (e.g.,  a  void), on 
the  premise  that  the  inspection  technique  provides  an  estimate  of  only  its 
maximum  dimension. 

The  estimate  b-j  of  the  actual  maximum  defect  dimension,  ba,  will 
depend  on  the  defect  orientation  and  shape  so  that,  in  general,  the 
probability  that  the  estimated  maximum  defect  size  will  be  in  the  range  b-j 
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to  db-j  will  be  characterized  by  a  function  rf>(b-j  | ba)  db-j.  The  detailed 
form  of  the  function  will  depend  on  the  model  for  the  estimate  (e.g..  Born, 
Rayleigh)  the  number  of  independent  measurements  and  the  intrinsic  range  of 
defect  shapes  and  orientations.  The  functional  forms  for  d> (b-j | ba)  are 
presently  being  evaluated  using  the  Rayleigh  model,  a  random  void  orientation 
and  a  normal  distribution  of  void  shapes.  The  corresponding  fracture 
probability  for  ellipsoidal  voids  as  a  function  of  the  maximum  dimension, 
ba,  is  characterized  by  a  function  <f>(S|ba)dS;  which  reflects  the 
probability  that  the  fracture  of  an  ellipsoidal  void  with  a  maximum  dimension 
ba  will  occur  at  an  applied  stress  level  between  S  and  S  +  dS.  The 
functiunal  forms  of<f>(S{ba)  are  being  derived  by  an  extension  of  the 
spherical  void  analysis  presented  in  Task  2.  Once  these  two  probabilities 
have  been  established,  the  fracture  probability  can  be  related  to  the  estimate 
of  the  defect  size,  b-j,  by 

90 

<*(S,b.  )dSdbi  =  J  2>(Sjba)  £(b.|ba)  0  ( ba)  db&  db.  dS  (1) 

o 

where  <MS,bj)  is  the  probability  that  fracture  will  occur  in  the  stress 
range  S  to  S  +  dS  if  the  defect  size  estimate  is  in  the  range  b-j  to 
b-j  +  db  t  ;  <f>(ba)dba  represents  the  size  and  spatial  distribution  of 
voids,  a  function  that  must  be  supplied  by  a  priori  metal lographic  studies. 

The  f alse-accept,  false-reject  curve  for  this  problem  can  now  be 
derived  if  the  service  stress  distribution  in  the  component  is  known,  e.g.,  by 
finite  element  analysis.  For  a  tensile  stress  crA  in  the  region  of  the 
defect,  satisfactory  service  performance  requires  that  the  strength  level  S 
should  exceed  crA.  Hence  the  probability  that  service  performance  will  be 
satisfactory  (Fig.  1)  is; 

oo 

A 

db.  =  f  0(Sibi  )dbn.  dS  (2) 

c-sa 

The  equivalent  probability  th.c  service  performance  will  be  unsatisf actory 
(Fig.  1)  is; 
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°A 

01dbi  =  f  0(S,b.)db.dS  (3) 

o 

The  false-accept  cr 4  and  false-reject  ctr  probabilities  can  now  be  obtained 
by  superimposing  on  Fig.  1  the  chosen  inspection  level  b-j0  ;  defined  as  the 
largest  value  of  the  estimated  maximum  dimension  of  the  void  that  will  be 
permitted  to  exist  for  acceptance  of  the  component.  These  probabilities, 
given  by  bp 

**<v  bi°>  -  /  bi  dbi 
0 

00 

(a.  b.Ov  f  . 

R  A,  i  )  =  J  <t>0  db.  ,  (4) 

V 

are  plotted  schematically  in  Fig.  2  for  two  inspection  techniques.  It  is 
evident  from  both  Eq.  (4)  and  Fig.  2  that  $4  and  are  interrelated 
through  b^0,  for  a  specific  inspection  procedure  and  material  system;  once 
one  of  the  quantities  b-j0,  <t>/\  or  4>r  has  been  specified  for  the  system, 
the  other  two  must  also  be  specified,  by  definition.  The  false-accept, 
false-reject  curve  (Fig.  2b)  is  thus  a  characteristic  of  the  inspection 
process  for  the  material  system.  This  important  concept  means  that  different 
inspection  systems  can  be  quantitatively  compared,  with  regard  to  their 
failure  prediction  capabilities,  for  material  systems  of  practical  interest. 
For  example,  reference  to  Fig.  2b  indicates  that  system  B  is  much  superior  to 
system  A  in  that  a  specific  failure  (or  false-reject)  probability  coincides 
with  a  much  lower  rejection  (or  false-reject)  probability  -  especially  at  the 
lower  failure  probability  extreme  that  pertains  for  most  structural 
components . 

The  ultimate  intent  of  the  Project  is  to  construct  false-accept, 
false-reject  curves  of  the  type  depicted  in  Fig.  2b  for  each  inspection 
procedure  (or  combination  of  procedures)  for  the  two  or  three  structural 
ceramics  proposed  for  study. 
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Fig.  2  Unified  plots  of  the  false-accept, 
false-reject  rate. 
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PROJECT  III,  UNIT  C,  TASK  3 

HIGH  FREQUENCY  ULTRASONIC  DEFECT 
CHARACTERIZATION  IN  CERAMICS 

G.  S.  Kino  and  B.  T.  Khuri-Yakub 
Stanford  University 

Introduction 

A  high  frequency  (200  MHz  -  500  MHz)  A-scan  system  has  been 
constructed  to  detect  different  types  of  inclusions  (C,  SiC,  Fe,  WC,  BN,  Si), 
with  sizes  varying  from  25 /a m  to  500  /a m.  A  Fourier  Transform  routine  has  been 
used  to  analyze  the  back  scattered  signals  from  these  defects,  in  order  to 
characterize  them  in  the  frequency  domain.  We  describe  in  this  report,  a  new 
method  for  making  contact  to  the  ceramic,  which  does  not  require  a  contacting 
layer.  We  describe  our  first  results  with  an  electronically  scanned  B  imaging 
system,  operating  with  2  ns  pulses,  which  we  have  developed  to  decrease  the 
search  time  for  flaws.  We  also  discuss  a  computer  simulated  inverse  filter 
routine  to  be  used  to  analyze  defect  signatures. 

New  Contacting  Method. 

Previously,  we  have  been  using  a  25;xm  gold  foil  as  a  contacting 
agent  between  the  ceramic  and  the  sapphire  buffer  rod.  Obviously  it  would  be 
preferable  to  eliminate  the  need  for  the  foil  contacting  layer.  So  we  have 
overcome  this  requirement  by  rounding  off  the  lower  end  of  the  sapphire  rod  as 
shown  in  Fig.  1.  The  sapphire  buffer  rod  is  ground  to  a  radius  of  curvature  R 
of  the  order  of  20  rm.  By  applying  a  force  F  to  make  contact,  we  obtain  a 
flat  contact  region  of  a  radius  a.  The  relations  between  F,  R,  and  a  are 
given  by  the  Hertzian  contact  formula: 

FDR  =  a3 


and  v,  u'  are  Poisson's  ratio  for  the  sapphire  and  the  ceramic,  respectively, 
and  E,  E'  are  the  Young's  modulus  of  elasticity  of  the  sapphire  and  the 
ceramic,  respectively. 
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R  =  20  cm 
2a  =  .1  cm 

F  =  172  N  =  39  LbS. 


Fig.  1  A  schematic  of  the  transducer  system. 
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Typically,  for  a  contact  area  with  a  diameter  2a  =  1  mm,  and  a 
radius  of  curvature  of  20  mm,  a  force  of  172  N  is  necessary  to  make  good 
contact  between  the  sapphire  and  the  ceramic,  as  shown  in  Fig.  2.  It  is 
observed  from  this  result  that  more  of  the  acoustic  energy  is  coupled  into  the 
ceramic  relative  to  that  obtained  using  gold  foil.  Furthermore,  much  less 
force  is  required  to  make  contact  and  alignment  of  the  transducer  and 
workpiece  is  far  less  critical  than  with  the  previous  arrangement. 

B-Scan  System. 

A  problem  with  any  A-scan  system  is  the  length  of  time  it  takes  to 
mechanically  scan  a  whole  sample  and  find  the  location  of  flaws  within  it. 

One  way  to  speed  up  the  process  is  to  use  an  array  of  transducers  and 
electronically  switch  from  one  to  the  other.  We  have  constructed  such  a 
device,  which  is  a  long  piece  of  sapphire  with  an  array  of  ZnO  transducers 
laid  down  on  it,  as  shown  in  Fig.  3.  One  transducer  at  a  time  is  excited  with 
a  narrow  pulse,  which  is  emitted  as  a  beam  of  approximately  1  mm  in  diameter. 
So  the  return  echoes  pertain  to  flaws  in  this  region.  We  then  excite  the  next 
transducer  and  examine  a  similar  region  displaying  the  return  signals  (from  16 
transducers)  simultaneously  on  an  oscilloscope.  A  device  of  this  type  had 
never  been  built  before  for  operation  in  the  frequency  range  from 
100  -  500  MHz.  The  design  problem  is  difficult  because  great  care  is  needed 
to  acoustically  isolate  the  transducers,  and  to  electronical ly  isolate  the 
channels,  in  order  to  decrease  the  cross-talk  between  elements.  Additional 
problems  occur  in  obtaining  good  sensitivity,  in  the  design  of  high  frequency 
switches  and  in  eliminating  spurious  responses.  We  have  developed  suitable 
circuits  for  such  a  system.  It  uses  a  2  cm  long  sapphire  rod  with  16 
transducers  on  it,  each  transducer  has  a  diameter  of  750 /urn  and  the  separation 
between  transducers  was  250  jum.  We  used  8 /xm  of  r-f  sputtered  ZnO  as  the 
transducer  material  (which  corresponds  to  a  resonant  frequency  of  about 
300  MHz).  A  photo  of  the  system  is  shown  in  Fig.  3.  A  typical  output  of  the 
B-scan  system  is  shown  in  Fig.  4.  The  echoes  from  the  end  of  the  sapphire  rod 
are  displayed  on  16  channels.  Figure  5  shows  the  result  of  a  test  on  a  disk 
of  ceramic  5  mm  in  diameter  which  intercepts  five  acoustic  beams.  The  ceramic 
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CONTACT  WITH  Au  FOIL 


CONTACT  WITHOUT  Au  FOIL 


2  A  comparison  of  the  interface  transmission  for  the 
gold  foil  and  Hertzian  contact  schemes. 
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Fig.  4  The  outputs  from  the  16  channel  B-scan  system. 
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has  built  into  it  a  defect,  in  the  form  of  a  hemispherical  surface  void  of 
radius  200  ju.m.  The  reflection  from  the  void  can  clearly  be  seen  on  the  beam. 
We  have  thus  proven  feasibility  of  an  electronically  scanned  imaging  system 
for  use  at  these  frequencies. 

This  system  has  the  additional  capability  of  displaying  the  scan 
from  only  one  transducer  that  corresponds  to  the  one  which  intercepts  the 
defect.  This  is  convenient  in  order  to  carry  out  either  a  Fourier  transform 
analysis  or  inverse  filtering  analysis  as  discussed  in  the  following  section. 
So  the  device  has  capability  equal  to  that  of  our  earlier  single  transducer 
system. 

Inverse  Filtering. 

We  had  also  developed  a  FFT  routine  to  analyze  the  frequency 
spectrum  of  the  defects.  We  are  presently  working  on  this  technique  on 
isolated  WC  inclusions  in  Si 3N4 -  Using  this  technique,  we  compare  the 
measured  scattering  power  spectrum  of  a  defect  to  theory  and  use  this  result 
to  identify  the  type  and  size  of  the  defect.  Another  approach  to  this  problem 
is  to  compare  the  time  domain  scattering  spectrum  to  theory.  In  order  to  do 
this  we  have  to  remove  the  effect  of  the  transducer  response  by  inverse 
filtering  the  time  domain  signals. 

Inverse  filtering  is  a  well  known  process  that  has  been  used 
extensively  in  the  field  of  connuni cation  as  an  equalizer  or  telephone 
transmission  channels.  Lately,  it  has  been  suggested  for  use  in  NDE  to 
improve  the  depth  resolution  and  give  better  characterization  of  back 
scattered  signals  from  flaws.  The  idea  here  is  to  separate  the  specular 
reflection  from  the  other  modes  excited  in  a  defect  whenever  the  transducer 
response  is  too  long  (relatively  narrow  bandwidth)  and  the  echoes  are 
overlapping.  In  other  words,  we  can  make  direct  comparison  to  the  theoretical 
time  domain  response  of  a  defect.  Such  a  process  is  beinq  implemented 
presently  on  a  digital  computer,  and  we  expect  to  have  results  on  processing 
of  real  signals  in  our  next  progress  report. 
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PROJECT  III,  UNIT  C,  TASK  4 

MICROFOCUS  X-RAY  AND  IMAGE  ENHANCEMENT 
OF  RADIOGRAPHIC  DATA 

J.  J.  Schuldies 
Air  Research 

Introduction 

The  objective  of  this  work  will  be  to  obtain  a  quantitative  measure 
of  the  capabilities  of  microfocus  X-ray  and  image  enhancement  of  radiographic 
data  for  defect  character ization  in  structural  ceramics.  Included  in  this 
evaluation  will  be  an  estimate  obtained  from  the  radiographic  data,  of  the 
size  of  specific  isolated  defects. 

Technical  Approach 

Radiographic  evaluations  of  the  ceramic  test  specimens  will  be  made 
using  a  100  kv  Magnaflux  microfocus  X-ray  system.  This  unit  is  capable  of 
achieving  a  focal  spot  size  of  approximately  0.05  mm  with  a  Gaussian  intensity 
distribution.  This  results  in  a  suppression  of  radiation  outside  of  the 
primary  beam,  improving  radiographic  details  and  permitting  geometric 
enlargements  with  a  minimum  loss  in  image  quality. 

Exposures  will  be  obtained  at  varying  incident  angles  to  the  test 
specimen  major  surface  to  determine  the  effects  of  X-ray  beam  perpendicularity 
on  defect  size  estimations  in  a  parallel  surface  configuration.  Radiographic 
enlargements  or  selected  specimens  will  also  be  obtained  to  define  the 
limitations  and  advantages  of  this  technique  on  image  quality  and,  therefore, 
defect  detection  sensitivity. 

Additionally,  radiographic  data  will  be  reconstructed  using  a 
Spatial  Data  Systems  image  enhancement  unit.  Digital  image  processing  will  be 
explored  to  define  the  degree  of  defect  detection  improvement  which  may  be 
achieved  in  ceramics.  Various  modes  of  image  enhancement  will  be  employed  to 
identify  optimum  processing  of  gray-scale  data  to  achieve  maximum  resolution 
of  single  defects.  This  approach  will,  therefore,  establish  defect  detection 
sensitivity  levels  for  a  single  defect  of  a  given  type. 
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Progress 

Several  test  specimens  of  hot  pressed  silicon  nitride  (NC-132)  have 
been  received  for  the  initial  evaluation.  These  specimens  contain  tungsten 
carbide,  silicon  carbide  and  silicon  inclusions  of  25,  50,  100  and  200  micron 
size. 

Fixturing  is  being  procured  to  accurately  position  the  test 
specimens  in  the  center  of  the  incident  X-ray  beam.  A  0.5  milliwatt  gas  laser 
has  been  received  to  facilitate  specimen  positioning  at  the  exact  center  of 
the  beam  regardless  of  specimen  orientation. 


PROJECT  III,  UNIT  C,  TASK  5 


CONVENTIONAL  ULTRASONIC  INSPECTION 
METHODS  APPLIED  TO  CERAMICS 

G.  A.  Alers  and  R.  K.  Elsley 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


Introduction 

The  availability  of  a  set  of  ceramic  test  specimens  that  contain 
various  known  defect  types  makes  possible  a  detailed  intercompar ison  of 
various  NDE  techniques.  In  other  parts  of  this  project,  microfocus  X-ray 
methods  and  specialized  ultra-high  frequency  ultrasonic  methods  are  being  used 
to  inspect  and  classify  the  defects  intentionally  placed  inside  the  test 
specimens.  This  project  is  intended  to  determine  the  capabilities  and 
limitations  that  are  characteristic  of  what  might  be  called  "conventional" 
ultrasonic  inspection  methods  which  use  a  commercial  transducer  immersed  in  a 
water  bath  and  a  mechanical  scan  over  the  part.  Such  an  inspection  system  is 
considered  to  include  a  computer  to  control  the  scanning  process  as  well  as 
perform  rapid  signal  analysis  of  any  echoes  returned  from  defects  in  the 
part.  Because  of  the  limitations  imposed  by  commercially  available 
transducers  and  analog  to  digital  conversion  instruments,  a  "conventional" 
ultrasonic  inspection  is  considered  to  have  an  upper  frequency  limit  of 
approximately  25  MHz  or  possibly  50  MHz  if  the  rapid  digital  signal  processing 
capabilities  are  sacrificed. 

The  Inspection  System 

The  "conventional"  ultrasonic  inspection  system  operating  at  the 
Science  Center  consists  of  a  small  water  tank  into  which  the  sample  can  be 
placed  and  a  mechanical  scanning  device  that  allows  the  transducer  to  be  moved 
along  three  orthogonal  axes  as  well  as  rotated  to  insure  that  the  ultrasonic 
beam  will  enter  the  sample  along  ’ts  surface  normal.  Motion  in  the  plane  of 
the  sample  surface  (the  X  and  Y  coordinates)  is  achieved  through  stepping 
motors  which  are  computer  controlled.  By  maintaining  a  record  of  the  number 
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of  step  instructions  that  have  been  sent  to  these  motors,  the  computer  is  able 
to  keep  track  of  the  position  of  the  transducer  and  hence  locate  the  position 
of  any  ultrasonic  indication  relative  to  the  sample  edges.  A  Biomation  Model 
8100,  fast  A  to  D  converter  digitizes  the  RF  ultrasonic  signal  provided  by  a 
Panametrics  5052  PR  Pulser /Receiver,  the  transducer  and  the  specimen.  Special 
programs  have  been  prepared  to  average  together  a  large  number  of  repetitions 
of  the  ultrasonic  signal  in  order  to  achieve  a  high  degree  of  accuracy  in  the 
digital  description  of  the  waveform  that  is  ultimately  stored  in  the  computer 
memory  for  signal  processing.  Additional  programs  are  available  to  Fourier 
transform  the  time  domain  waveforms  or  subsections  thereof  using  various 
window  functions  as  well  as  to  generate  maps  which  display  the  physical 
location  and  amplitude  of  echo  signals  returned  from  the  specimen. 

Results 

Since  the  ceramic  specimens  have  become  available  only  recently,  the 
data  to  be  reported  here  consists  of  preliminary  information  gathered  to 
define  the  optimum  choice  of  transducers  and  sensitivity  settings.  Two  high 
frequency,  broad  band  transducers  were  already  available  when  the  specimens 
arrived  so  both  were  used  to  collect  whatever  data  was  possible. 

The  first  transducer  and  the  one  most  likely  to  give  the  greatest 
resolving  power  and  sensitivity  to  small  defects  was  a  1/2-inch  diameter, 

15  MHz  Panametrics  unit  with  a  focal  length  of  1-1/2-inches  in  water. 
Qualitative  studies  using  this  transducer  indicated  that  it  could  be  made  to 
focus  its  ultrasonic  output  on  the  defect  region  in  the  middle  of  the  specimen 
as  well  as  on  the  back  surface  of  the  specimen.  However,  the  signals  observed 
did  not  behave  in  the  correct  quantitative  manner  and  it  was  concluded  that 
refraction  of  the  convergent  sound  beam  at  the  water  to  ceramic  interface 
caused  most  of  the  longitudinal  sound  wave  energy  to  be  sent  nearly  parallel 
to  the  specimen  surface  and  a  large  amount  of  mode  conversion  into  shear  waves 
to  occur.  The  remedy  for  this  situation  is  to  obtain  a  special  transducer 
with  a  very  specifically  designed  focal  length. 

The  second  transducer  was  a  1/2-inch  diameter,  15  MHz  broad  band 
unit  which  was  not  focused.  This  transducer  has  the  disadvantage  that  it 
cannot  locate  a  reflecting  point  with  much  accuracy  and  its  sensitivity 


295 


SC595.32SA 


suffers  because  the  ultrasonic  energy  is  distributed  over  a  large  (nominally 
1/2-inch  diameter)  area.  However,  its  output  approximates  a  plane  wave  and 
hence  it  is  well  suited  for  quantitative  comparisons  between  scattering  theory 
and  experiment.  Figure  1(a)  shows  the  time  domain  echo  pattern  observed  from 
sample  No.  132  using  this  nonfocused  transducer.  Figure  1(b)  shows  the  region 
of  the  time  domain  between  the  front  surface  echo  and  the  first  reflection 
from  the  back  surface  on  a  greatly  expanded  scale.  The  reflection  from  the 
"defect"  in  the  center  of  the  specimen  is  now  clearly  visible.  As  a  first 
exercise  in  signal  analysis,  the  "defect"  echo  was  separated  from  the  other 
signals  by  a  Hanning  window  function  and  Fourier  transformed.  The  resultant 
frequency  spectrum  was  then  normalized  by  the  transducer  response  function 
determined  from  the  Fourier  transform  of  the  reflection  from  the  front 
surface.  The  resultant  frequency  domain  representation  of  the  "defect" 
scattering  function  is  shown  in  Fig.  2.  Features  at  the  low  and  high 
frequency  ends  of  this  function  should  not  be  taken  too  seriously  because  they 
arise  from  the  extreme  ends  of  the  frequency  spectra  of  the  input  functions 
but  the  peak  near  12  MHz  is  probably  real.  Theoretical  predictions  by  many 
authors  describing  the  scattering  of  longitudinal  waves  by  spherical 
inclusions  in  various  solids  predict  that  there  is  a  small  maximum  in  the 
frequency  dependence  of  the  scattering  cross  section  when  ka  lies  between  1 
and  2  (where  k  is  the  wave  number  of  the  incident  wave  and  a  is  the  radius  of 
the  scattering  sphere).  Applying  this  rule-of-thumb  to  the  present  case,  it 
can  be  concluded  that  the  diameter  of  the  inclusion  in  this  ceramic  sample 
lies  between  130  and  260  microns.  Data  supplied  with  this  sample  stated  that 
the  intentional  defect  is  a  silicon  sphere  with  a  diameter  of  200  microns,  in 
agreement  with  the  mathematical  estimate. 

Conclusions 

1.  "Conventional"  ultrasonic  inspection  techniques  which  use 
commercially  available  instrumentation  and  transducers  in  a  water  bath 
environment  are  capable  of  detecting  the  larger  defects  in  the  ceramic  samples 
provided. 
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Fig.  2  Fourier  transform  of  the  defect  echo  signal  after 
correction  for  the  frequency  response  of  the 
transducer. 
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2.  Signal  analysis  techniques  involving  on-line  digital  processing 
of  the  RF  ultrasonic  signals  appears  able  to  correctly  estimate  the  dimensions 
of  the  inclusions. 

3.  The  use  of  focused  transducers  to  enhance  the  resolving  power 
and  increase  the  signal-to-noise  ratios  of  the  system  requires  a  very  careful 
choice  of  transducer  because  of  the  large  refraction  of  the  sound  waves  at  the 
water  to  ceramic  interface. 


